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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Biosolids management is currently a key issue in the field of environmental 
engineering. As the second millenium approaches, the concept of sustainable systems has 
become more attractive for management strategies in order to prevent further pollution of our 
land and water resources. Environmentally fiiendly soliitions can be applied to minimize 
waste production by viewing wastes as resources, such as solid wastes produced at municipal 
and industrial facilities that can be used to produce beneficial biosolids. Along with 
increasing production and use of biosolids have come necessary regulations to protect our 
environment. 
Historically, biosolids management has largely focused on solid waste production 
from wastewater treatment facilities. With wastewater treatment, both primary and 
secondary solids can be generated and require treatment. Typically, a facility generating 
both primary and secondary solids will combine and treat them together. Conventional 
treatment may involve anaerobic or aerobic digestion, lime treatment, heat treatment, 
dewatering, composting, or other processes. With the advent of stricter regulations and a 
move toward beneficial use of biosolids, many innovative approaches have been proposed 
for increased stabilization and reduction of pathogens during the treatment of these solid 
wastes. 
The municipal solid waste (MSW) disposal problem, or "garbage crisis," has also led 
to the investigation of alternative management methods, including biological, chemical, 
and/or physical treatment. The main goal of any solid waste resource recovery facility is to 
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reduce the volume of the waste while producing usable products. The conversion of solid 
waste to energy has been imder a great deal of consideration over the past 20 to 30 years in 
the United States. Historically, European countries have been more open to this type of 
energy production because not only are energy costs higher in Europe, but also, and perhaps 
more important, there are not as many landfill sites available. Moreover, European wastes 
typically have a higher concentration of organics, and thus are more amenable to biological 
degradation (Poggi-Varaldo and Oleszidewicz, 1992). As solid waste disposal becomes an 
increasing problem for all regions of the world, new methods are required for the reduction 
and conversion of solid waste. 
In the United States, MSW has typically been disposed in landfills; however, not only 
is landfill space diminishing, but also the costs associated with landfill disposal methods are 
rising as well. Today, landfill practices are better engineered than in the past in order to meet 
stricter regulations. While this offers some environmental protection to soil and 
groimdwater, the rising cost of landfilling has led to the consideration of alternative methods. 
The number of active landfills has decreased firom approximately 6034 in 1986 to 2893 in 
1995. Tipping fees also increased by a dramatic 300 percent between 1985 and 1995 and 
have been increasing approximately 7 percent increase per year since 1991 (Repa and 
Blakey, 1996). The decrease in active landfills and increase in tipping fees have been 
attributed to the enactment of the federal Resource Conservation and Recovery Act (RCRA) 
Part 258, Subtitle D criteria (Repa and Blakey, 1996). Due to these changes in the nature of 
solid waste disposal, conversion of MSW to energy has gained a great deal of attention. 
There are several options available for the conversion of solid waste to energy. Four major 
waste-to-energy categories include mass burning to produce steam, mechanical processing to 
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produce refuse-derived fuel (RDF), pyrolysis to produce oil, and biological degradation for 
the generation of methane (USDOE, 1980). The research herein investigated biological 
degradation of solid wastes to produce methane as a renewable energy source. 
One system for the management of solid waste is the temperature-phased anaerobic 
digestion (TPAD) process developed at Iowa State University by Richard R. Dague and 
coworkers. While anaerobic digestion has been used extensively for the treatment of sludges 
generated at wastewater treatment facilities to produce biosolids, conventional processes are 
no longer able to keep up with current regulations, especially pathogen reduction 
requirements (40 CFR, Part 503). The TP AD process employs thermophilic temperatures 
during treatment, thus increasing the destruction of pathogens. Moreover, the TP AD system 
has increased stabilization rates as compared to conventional processes. The TP AD process 
has been applied extensively for the treatment of solids at wastewater treatment facilities, and 
several full-scale processes are either in the design phase or are currently in operation. The 
research described herein was the first study using MSW as a co-substrate with primary 
solids from a wastewater treatment facility for the temperature-phased process. From this 
type of investigation, we gained further understanding of anaerobic degradation of municipal 
solid waste and primary wastewater solids using the innovative TP AD process. The TP AD 
process was compared to conventional single stage mesophilic anaerobic digestion as well as 
another innovative technology known as two phase anaerobic digestion, developed by 
Pohland and Ghosh (1971). 
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Dissertation Organization 
The purpose of this introductory chapter is to describe the TP AD system used at Iowa 
State University for the treatment of various types of wastes. Moreover, a general literature 
review section discusses background information pertinent to the research at hand. This 
general introduction will thus set the stage for the research presented in Chapters 2, 3, and 4. 
Each of these three chapters constitutes a separate manuscript describing different aspects of 
the research project as a whole. 
Chapter 2 is a paper titled "Comparison of Temperature-Phased, Two Phase, and 
Single Stage Anaerobic Co-digestion of Municipal Solid Waste and Primary Wastewater 
Solids" and will be submitted to the American Society of Civil Engineers (ASCE) Journal of 
Environmental Engineering. The work described in Chapter 2 was presented in part at the 
1998 ASCE Water Resources and the Urban Environment Conference in Chicago, Illinois, 
June 10, 1998. The main focus of this paper was to introduce the concept of using TP AD for 
co-digestion of MSW and primary wastewater solids (PS) and to compare TP AD 
performance with both conventional single stage and two phase anaerobic digestion. Chapter 
3 is a paper titled "Hydrolysis and Methanogenesis of Primary Solids and Mimicipal Solid 
Waste using Temperature-Phased and Two Phase Anaerobic Digestion" and will be 
submitted to Water Environment Research published by the Water Environment Federation 
(WEF). The results in Chapter 3 were presented in part at the annual conference of WEF 
{WEFTEC'98) in Orlando, Florida, October 6, 1998. This paper looks more closely at the 
similarities and differences of the TP AD and two phase systems by comparing both 
hydrolysis and methanogenesis rates. Chapter 4 is a paper titled "State of the Art Processes 
for the Anaerobic Digestion of Mimicipal Solid Waste" and is to be submitted to Advances in 
5 
Environmental Research. Chapter 5 describes the engineering significance of the project. 
The final chapter discusses the general conclusions that can be drawn from the entire 
investigation and the significance of these conclusions. The references for each section are 
combined in one section at the end of the dissertation. 
General Literature Review 
Reactor configurations 
The following section describes the types of reactor configurations used in this 
research. Both temperature-phased and two phase systems are staged processes; therefore, a 
description of staged processes is given initially. 
Staged anaerobic processes 
The concept of staging has recently been the focus of several research investigations 
concerning the anaerobic digestion of mimicipal wastewater solids (Vandenburgh, 1998; 
Wilson and Dichtl, 1998; Han and Dague, 1997; Vik and Olsen, 1997; Ghosh et. ai, 1995; 
Dichtl, 1994). Biological staging has many advantages, including increased stabilization, 
higher methane production, smaller size requirements, and the potential for increased 
pathogen removal if thermophilic temperatures are used. 
The degradation of organic compoimds anaerobically can be said to occur essentially 
by three major steps, or phases. The first phase is hydrolysis/acidogenesis and involves 
converting large complex organics, such as fats, proteins, and carbohydrates to simple 
soluble organic compounds such as fatty acids, amino acids, and sugars (McCarty, 1964). 
The next phase in anaerobic degradation involves the conversion of these soluble products 
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from acidogenesis to acetate, formate, hydrogen (H2), and carbon dioxide (CO2) by 
acetogenic microbes (Fox and Pohland, 1994). The third major phase of anaerobic 
degradation occurs through the action of methanogenic bacteria. The methanogens use the 
acetate, formate, H2, and CO2 from the acetogens to form methane (CH4). The production of 
methane and carbon dioxide from complex organic wastes represents complete stabilization 
(Parkin and Owen, 1986). 
In conventional single stage anaerobic digestion, the acidogens, acetogens, and 
methanogens exist in a microbial consortium. In temperature-phased anaerobic digestion, the 
process occurs in two stages. The first is operated at thermophilic temperatures and the 
second at mesophilic temperatures. Since the first stage is operated at thermophilic 
temperatures, the reaction rates are higher and thus the volume requirement is less. In this 
type of configuration, syntrophic relationships are maintained between the acidogens, 
acetogens, and methanogens in both stages. Syntrophic relationships between these bacterial 
groups may be required for maximum organic destruction and product formation. Hydrolysis 
may be improved in the first stage of the TP AD process; therefore, it is hypothesized that this 
process may be advantageous for treating particulate wastes since hydrolysis is the rate-
limiting step. 
Another two stage process is the two phase system, also known as phase separation. 
In this configuration, the acidogens are separated from the acetogens and methanogens, and 
this may also be advantageous for the treatment of particulate wastes since hydrolysis and 
acidogenesis is optimized in a separate reactor. Figure 1.1 illustrates the differences between 
single stage and two phase systems (Fox and Pohland, 1994). The purpose of the two phase 
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configuration is to enhance the activities of each of the microorganisms involved in 
anaerobic degradation by optimizing the enviromnent for each phase (Fox and Pohland, 
1994). Acidogens are fast growers under optimal conditions; however, growth is retarded in 
conventional single stage digesters where environmental conditions are favorable for 
methanogenic activity (Ghosh et. aL, 1975). By separating the phases, optimal conditions 
can be provided for the acidogens. Chyi and Dague (1994) reported that the optimum pH for 
the acidogenesis of cellulose is 5.6. Conventional anaerobic digestion occurs at an optimum 
pH range of 6.8 to 7.2, the range for methanogenic bacteria. 
The methanogens and acetogens have a necessary syntrophic relationship; therefore, 
it is advantageous to keep these microbes working together in the same environment. Not all 
acidogens require a syntrophic relationship with methanogens; therefore, separating 
acidogens from methanogens is possible, as in two phase digestion (Fox and Pohland, 1994). 
However, it is important to remember that two phase anaerobic digestion will only be 
efficient for certain types of substrates. It has been suggested that wastewaters high in 
carbohydrates and low in fatty acids will be degraded efficiently in a phase separated system, 
while the opposite holds true for wastes low in carbohydrates and high in fatty acids (Fox and 
Pohland, 1994). 
Carbohydrates will typically acidify to a high degree and cause instability in single 
stage systems. From this, the use of two stage systems may be advantageous for treating 
high carbohydrate wastes, such as municipal solid wastes. The temperature-phased system 
allows for higher reaction rates in the first stage because of increased temperatures. 
Hydrolysis rates are therefore increased, and the transformation of soluble hydrolysis 
intermediates used by both acetogens and methanogens is increased as well. As the 
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acetogens use hydrolysis intermediates, the methanogens produce methane from the 
acetogenic intermediates. This enables the entire reaction to proceed forward to formation of 
the final product methane. Although a high concentration of hydrolysis or acetogenic 
intermediates may be observed in the first stage of the temperature-phased system, a constant 
flux to methane allows continual solubilization to occur. In the two phase system, the first 
stage also has increased hydrolysis rates, but for a different reason than the temperature-
phased system. Increased hydrolysis in the two phase system is due to more optimal 
conditions as compared to conventional single stage digestion. In contrast to the 
temperature-phased system, the reaction is stopped at this point, and final product (CH4) 
formation cannot occur. In the two phase system, the entire reaction is not allowed to 
proceed toward methane production in the first stage, and hydrolysis may be limited by the 
build-up of hydrolysis intermediates. From this, it is h>'pothesi2ed that the temperature-
phased system will outperform both two phase and single stage systems for the treatment of 
municipal solid waste because of increased hydrolysis and overall transformation to methane. 
Temperature-phased anaerobic digestion 
The TP AD system is a patented process developed at Iowa State University by Dague 
and coworkers (Han and Dague, 1997; Han, 1997; Schmit and Dague, 1997; Welper and 
Dague, 1996; Kaiser er. al, 1995; Steinbach, 1994). Temperature-phased anaerobic 
digestion allows for high organic loads and short hydraulic retention times (HRT), as does 
the two phase process. The main difference is that the thermophilic first stage of 
temperature-phased anaerobic digestion is operated as a methanogenic unit rather than as a 
hydrolysis- acidogenesis unit. This type of arrangement offers the advantage of loading at 
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higher rates with shorter HRTs, while not destroying syntrophic relationships between the 
acidogens, acetogens, and methanogens. 
Typically, thermophilic units are thought to produce lower effluent quality. The use 
of a mesophilic second stage offers the ability to achieve higher quality effluent conditions. 
The poor effluent quality usually observed with single stage thermophilic digestion is not 
observed with temperature-phased anaerobic digestion. Another advantage of the 
temperature-phased process is that higher temperatures allow for greater pathogen 
destruction. This is very critical for existing facilities treating wastewater solids in an effort 
to comply with stricter environmental regulations (Aitken and Mullenix, 1992). Moreover, 
the thermophilic digestion process is said to be superior for solid wastes and slurries (Ahring, 
1994). Therefore, the temperature-phased process holds promise for treating high solids 
wastes, such as municipal solid wastes, while allowing for greater waste conversion by the 
use of a mesophilic second stage. 
The evolution of the TP AD process at Iowa State University has occurred over the 
past five years and originated as an idea from the research of Harris and Dague (1993, 1992). 
In this study, Harris observed that the poor quality effluent from a thermophilic biofilter 
could be readily converted to methane when fed to a mesophilic biofilter. Since then, several 
different configurations of the temperature-phased process have been investigated. The first 
temperature phased system researched at Iowa State University was a staged anaerobic 
biofilter (bio-bio) used to treat a synthetic non-fat dry milk (NFDM) substrate supplemented 
with nutrients (Kaiser et. ai, 1995). Steinbach (1994) and Welper and Dague (1996) both 
researched the temperature phased two-stage anaerobic sequencing batch reactor (ASBR-
ASBR) system treating synthetic NFDM substrate. Schmit (1996, 1997) combined these two 
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processes, using a biofilter for the first stage and an ASBR for the second stage (bio-ASBR) 
to further characterize the process advantages. These initial investigations represent the 
foundation for the development of the TP AD process. Table 1.1 shows a summary of the 
results firom these initial studies. 
Major interest in the TP AD process for the treatment of wastewater sludges came 
about after the work of Han and Dague (1997). With the onset of new federal regulations (40 
CFR, Part 503), the TP AD process became an attractive management method for the 
treatment of wastewater sludges because of the thermophilic temperatures and increased 
pathogen destruction. Han and Dague's system consisted of two completely mixed reactors 
operating in series (CSTR-CSTR) to treat primary wastewater solids (PS). Han and Dague 
(1997) later used the TP AD CSTR-CSTR system to treat both PS and waste activated sludge 
(WAS). 
These bench-scale studies led to the full-scale conversion of the Newton, lA Water 
Pollution Control Facility's (WPCF) conventional anaerobic digestion system to 
temperature-phased anaerobic digestion (Streeter, 1996). In 1996, the Newton WPCF 
received the Environmental Protection Agency's (EPA) I" place award for outstanding 
beneficial use of biosolids program for the implementation of the TP AD process. The 
Sturgeon Bay, WI wastewater treatment facility was interested in generating Class A 
biosolids and converted the existing conventional system to a fiill-scale TP AD process. 
Class A biosolid classification enables the least regulated beneficial use. Since 
implementation of the TP AD system. Sturgeon Bay has met Class A requirements and has 
had increased methane production and volatile solids reduction as compared to the single 
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Table 1.1. Initial studies of the temperature-phased process 
Process 
Temperature 
of l" stage 
"C 
Temperature 
of 2°^ stage 
"C 
HRrof 
1" stage 
h 
HRrof 
2'*'stage 
h 
OLR" 
gCOD/ 
L-d 
TCOD^ 
Removal 
% 
Substrate Reference 
bio-bio 55 35 3-24 12-42 2.0-16 93-97 NFDM Kaiser, 
1995 
ASBR-
ASBR 
55 35 total HRT* 18-54 hr 2.9-18 91-94 NFDM Steinbach. 
1994 
ASBR-
ASBR 
55 35 6 12 6.5-22 >90 NFDM Welper, 
1996 
bio-
ASBR 
42-49 35 2-6 12-24 2.0-20 78-98 NFDM Schmit, 
1997 
'HRT- hydraulic retention time; ""OLR- organic loading rate; 'TCOD- total chemical oxygen demand 
stage process. Moreover, using temperature-phased anaerobic digestion solved previous 
foaming problems (Vik and Olsen, 1997). 
Thorberg (1998) and Vandenburgh (1998) recently completed further bench scale 
studies of TP AD treatment of PS mixed with WAS. Thorberg (1998) extended the work of 
Han and Dague (1997) and looked at increased hydraulic retention time (HRT). 
Vandenburgh (1998) studied the effect of increasing volatile solids concentration in the feed 
for the TP AD process (1998). A summary of the results of the bench-scale studies of the 
TP AD process for the treatment of municipal wastewater solids is shown in Table 1.2. This 
table also includes a simmiary of the results from the Newton, LA and Sturgeon Bay full scale 
TP AD processes. Ongoing research is being conducted for the treatment of a synthetic 
cellulose substrate using the TP AD system (Shang, 1998). Most recently are pilot studies of 
the TP AD process for the treatment of WAS from the Westem Lake Superior Sanitation 
District (WLSSD) of Duluth, MN (Chao, 1998). The results from this study are to be used 
Table 1.2. Results from bench scale and selected full scale temperature-phased anaerobic digestion processes 
Temp of Temp of HRT of HRT of OLR TS in VS CH4 Measured effluent 
Process 1" Stage 2"''Stage l" Stage 2"''Stage gVS/L-d feed removal Production Substrate fecal coliforms Reference 
"C °C d d % % L/gVSfed MPN/gTS* 
bench 55 35 3.3-5 6.7-10 2.1-2.9 4.5-5.0 39.1- 0.24-0.32 
53.2 
PS < 1000 Han and 
Dague, 1997 
bench 55 35 1-8 10-20 1.1-2.6 4.0 33.9- 0.18-0.22 PS-WAS 
50.5 
< 1000 Han, 
1997 
bench SS 35 15.6 39.4 0.46 4.0 58.9 0.46 PS-WAS < 1000 Thorberg, 
1998 
bench 55 35 7.4 12.6 1.7-2.9 4.4-7.9 52.5- 0.26-0.28 PS-WAS 
60.8 
< 1000 Vandenburgh, 
1998 
fiill 54-55 35 35 70 0.93 5.0 68.0 0.66 PS-TF < 1000 Streeter, 1997 w 
full 50-56 36 15 15 0.80 77.1 0.88 PS-WAS < 1000 Vik and 
Olsen, 1997 
* MPN- most probable number; TS- total solids; * TF- trickling filter biomass 
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for the design of a full-scale TP AD process for WLSSD. Table 1.3 is a list of the utilities 
that are either currently using, designing, contemplating use of the TP AD process. 
Acidogenic anaerobic digestion 
The first stage of two phase anaerobic digestion is acidogenesis, and several 
researchers have investigated this process separately from a complete two phase 
investigation. Many studies have been aimed at the effects of pH, HRT and temperature on 
the first phase of two phase anaerobic digestion. The rate limiting step for anaerobic 
digestion is the solubilization of particulates in hydrolysis (Eastman and Ferguson, 1981). 
Chyi and Dague (1994) researched the effects of particle size on the anaerobic acidogenesis 
of cellulose in CSTRs operated at 35°C. The overall optimum pH was found to be 5.6 for the 
treatment of cellulose. Solubilization of cellulose was greatest with an HRT of 72 hours. 
Soluble organic carbon in the effluent was due mainly to volatile acids, rather than the 
accumulation of hydrolysis end products, such as soluble carbohydrates. The authors suggest 
that this shows cellulose degradation is primarily limited by the rate of hydrolysis. This is in 
agreement with earlier research by Eastman and Ferguson (1981). 
Elefsiniotis and Oldham (1994) investigated the effect of HRT on the acidogenic 
digestion of primary wastewater solids using a completely mixed reactor with sludge recycle, 
both operating between 18 and 22°C. The SRT was maintained at 10 days for both reactors, 
while the HRT was varied from 6 to 15 hours. The pH ranged from 4.9 to 5.3. The study 
shows that a maximum HRT of 12 to 15 hours is required for acidogenic activity. Beyond 15 
hours, gas production was observed, showing some methanogenic activity. Carbohydrates 
were solubilized to the greatest extent, followed by lipids and then proteins. All substituents 
of the waste showed increasing solubilization rates at longer HRTs. 
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Table 1.3. Full-scale facilities using or contemplating use of TP AD process (Simg, 1998) 
Utility TP AD phase of use 
Newton, LA Operating 
Sturgeon Bay, WI Operating 
Neenah-Menasha Sewage Commission, Operating 
Menasha, WI 
Jackson, WI Contemplating 
Mobile, Alabama Operating 
Waterloo, LA Construction 
Independence, lA Operating 
Louisville and Jefferson County MSD, KY Design 
Gogebic Iron Wastewater Authority, Contemplating 
Iron wood, MI 
Western Lake Superior Sanitation District, Design 
D^uth, MN 
Sheboygan, WI Operating 
Two phase anaerobic digestion 
The two phase process was first developed by Pohland and Ghosh (1971). Since 
then, several studies have been performed using two phase anaerobic digestion to treat a 
variety of waste streams. One of the earlier studies was by Ghosh et. al. (1975) using 
wastewater sludge as a substrate. The two phase system consisted of two CSTRs operating 
in series at 35°C. The hydrolysis/acidogenic phase was operated at a pH of 5.7 and HRTs 
from 10 to 24 hours. The second stage methanogenic reactor was operated at 6.5-day HRT. 
16 
The VS destruction was 40 percent with methane yields up to 0.97 L/g VS reduced. A later 
study by Ghosh et. al. (1985) involved the two phase treatment of several types of liquid 
industrial wastes. In this study, two phase digestion was shown to be superior to 
conventional single stage systems. Two phase anaerobic digestion has also been reported to 
help reduce toxicity of certain fatty acids to methanogens (Dinopoulou and Lester, 1989). 
The advantages and disadvantages of two phase anaerobic digestion are shown in Table 1.4 
(Fox and Pohland, 1994). 
Treatment of a mixture of a 1:1 mixture of PS: WAS and WAS only using two phase 
anaerobic digestion was investigated by Bhattacharya et. al. with two CSTRs operating in 
series at 35°C (1996). The results were compared to conventional single stage CSTRs 
operated at 35°C. Five studies were performed with feed concentrations ranging from 2.6 to 
4.1% TS and system HRTs ranging from 12 to 12.7 days. The methanogenic phase was 
operated at an HRT of 10 days, so the acidogenic phase HRT ranged from 2.0 to 2.7 
days. The results show that when treating a 1:1 ratio of PS:WAS mixture, VS destruction 
efficiencies are 1.9 to 6.0 percent higher for two phase processes as compared to single stage 
processes. When treating WAS only, the VS destruction efficiency was up to 8.7 percent 
higher than conventional digestion. The authors state that the small increase in efficiency 
may not be worth the extra cost of operating two phase systems. 
Later research by Ghosh and coworkers (1995) involved the implementation of both 
pilot and frill scale two phase systems for the treatment of waste activated sludge (WAS) in 
DuPage Coimty, IL. The wastewater treatment plant had been experiencing difficulties with 
foaming in the anaerobic digesters, and the study was conducted in order to try to alleviate 
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Table 1.4. Advantages and disadvantages of two phase anaerobic digestion 
(Fox and Pohland, 1994) 
Advantages 
Isolate and optimize potential for rate-limiting steps 
- hydrolysis encouraged during first phase 
- methanogenesis encouraged during second phase 
Improve reaction kinetics and stability 
- pH control in each phase 
- improved reactor stability to shock loads 
- select for faster-growing microbes 
Potential for detoxification in the first phase 
Disadvantages 
Disruption of syntrophic relationships 
More difficult to implement, engineer and operate 
Lack of process experience and applicability to a 
variety of wastes 
Uncertainty of linkage between substrate type and 
reactor configuration 
this problem. Moreover, the research was performed for concentrated WAS at high-loading 
rates and low HRTs. In the pilot scale studies, the acidogenic digester was run at both 
mesophilic (36.8°C) and thermophilic (49.8°C) temperatures. Although the thermophilic 
acidogenic digester exhibited higher methane yields and VS destruction than the mesophilic 
digester, the creation of strong odors from the increased production of butyric, isobutyric, 
and isovaleric acids made thermophilic operation for the acid phase undesirable. The two 
phase mesophilic-mesophilic system operated optimally at a 12-day system HRT, with the 
acid phase operating at 3 days and the methanogenic phase at 9 days. For a feed solids 
concentration of 7.5% TS and an OLR of 4.7 g VS/L d, the methane yield was 0.29 L/g VS 
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applied with a VS reduction of 71.3%. This project represented the first full-scale, 
commercial demonstration of the two phase process (Ghosh et. al., 1995). 
Summary 
The types of reactor configurations investigated in this research were the temperature-
phased, two phase, and single stage systems. The preceding section gave a general 
description of these reactor configurations. Two stage digestion as compared to single stage 
digestion was described, along with a general overview of both temperature-phased and two 
phase processes. Previous studies indicated that both systems provide increased waste 
stabilization as compared to single stage processes. The purpose of the research at hand was 
to further characterize these systems by direct comparison. The research contained herein 
was the first direct comparison of temperature-phased and two phase anaerobic digestion of 
mimicipal solid waste and primary wastewater solids. 
Substrate characterization 
The substrate used for this research consisted of primary wastewater solids (PS) and 
the organic fraction of mimicipal solid waste (OFMSW). The following section describes the 
characteristics PS and municipal solid waste (MSW). The synthetic OFMSW substrate used 
in this research was based on the characteristics of MSW provided in this section. 
Primary wastewater solids 
Biosolids management is employed by combining solid waste from different sources 
and treating this waste chemically, biologically, and/or physically. Most, if not all, biosolids 
are treated physically in one way or another and may include pre- or post-treatment. 
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Biological or chemical treatment works to "stabilize" waste solids, or sludges. Anaerobic 
stabilization is the mineralization of organics with the production of methane and carbon 
dioxide. The use of conventional anaerobic digestion for the treatment of both primary (PS) 
and secondary solids, also known as waste activated sludge (WAS), is widely reported in the 
literature. Primary wastewater solids are those generated at a wastewater treatment facility 
during primary sedimentation. The general characteristics of PS are listed in Table 1.5. 
Biosolids can be defined as stabilized primary or secondary solids. Beneficial use of 
biosolids is a growing practice, and the U.S. EPA has implemented regulations in order to 
protect the environment and himian health (40 CFR, Part 503). There are several 
requirements in order to beneficially use biosolids, including the following (Girovich, 1996): 
1) Pathogen reduction 
2) Vector attraction reduction 
3) Pollutant limits 
4) Application rates 
Forste (1996) gives an excellent review of the history of the regulatory requirements for 
municipal wastewater solids treatment and reuse. The stabilization of wastewater solids to 
produce Class A Biosolids is the most desirable situation, as Class A Biosolids have the least 
regulated beneficial use (40 CFR, Part 503). In order to obtain Class A Biosolids 
classification, the most stringent requirements for pathogen reduction, vector attraction 
reduction, and heavy-metal loading limits apply. The temperature-phased system has been 
shown to meet Class A pathogen requirements (Thorberg, 1998; Vandenburgh, 1998; Han 
and Dague, 1997a, 1997b; Vik and Olsen, 1997). 
Primary wastewater solids contain micro- and macro-nutrients that aid in the 
anaerobic digestion of municipal solid waste. The C:N ratio of municipal wastewater solids 
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Table 1.5. Characteristics of primary wastewater solids (Girovich, 1996) 
Parameter Value 
Total Solids TS, % 3.0-7.0 
Volatile Solids VS, % of TS 60-80 
Nitrogen N, % of TS 1.5-4.0 
Phosphorus P2O5, % of TS 0.8-2.8 
Energy content. BTU/lb, dry basis 10000-12500 
pH 5.0-8.0 
Alkalinity, mg/L as CaCOs 500-1500 
has been reported as ranging from 6:1 to 16:1 (Stroot et. al., 1997). Kayhanian and Rich 
reported a C:N ratio of 11.7 for primary wastewater solids (1996). For this reason, several 
researchers have investigated co-digestion of PS with MSW (Kayhanian and Rich, 1996; 
Cecchi et. al., 1988; Schmidell et. al., 1986; Klein, 1972). The next section describes in 
detail the characteristics of municipal solid waste. 
Municipal solid waste 
The recovery of energy and nutrients from wastewater solids using anaerobic 
digestion has been applied extensively in the United States. In contrast, the widespread use 
of anaerobic digestion for the resource recovery from municipal solid wastes has not been 
applied on a wide-scale basis. In 1984, approximately 148.1 million tons of MSW were 
generated, with approximately 126.5 million tons landfrlled. By the year 2000, it is predicted 
that 182.2 million tons of MSW will be generated (Isaacson et. al., 1988). A large amount of 
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volume reduction of MSW can be accomplished by source separation, performed eitiier in 
individual households or at resource recovery plants (RJRPs). This process separates items 
such as glass and metals from the organic fraction of municipal solid waste. The OFMSW 
fraction represents approximately 67-70 percent of a typical U.S. MSW waste stream 
(Kayhanian, 1995; Chynoweth et. al, 1992). The main portion of OFMSW consists of 
paper, yard and food wastes. 
The nature of MSW can vary a great deal, depending on the source. MSW is very 
heterogeneous but can be characterized to a certain degree by looking at both physical and 
chemical properties of the individual constituents. Table 1.6 shows the typical composition 
of mvmicipal solid wastes (Tchobanoglous et. al., 1993). When considering the materials 
handling and water requirements for treatment of MSW, the moisture content and density are 
important properties. Tables 1.7 and 1.8 show the typical moisture contents and densities of 
the different components of MSW (Tchobanoglous et. al., 1993). 
The chemical composition of municipal solid waste is important when considering 
treatment altematives. Due to the large percentage of paper in OFMSW, the cellulose 
content is high, and the percentages of associated hemicelluloses and lignins are less. 
Proteins and lipids also make up a portion of the OFMSW. Table 1.9 shows a comparison of 
the compositions of these substituents of OFMSW as compared with primary wastewater 
solids in a study conducted by Peres et. al. (1992). In the same study, the carbon, hydrogen, 
total nitrogen, sulfur, and phosphorus contents of the OFMSW were determined to be 42.6, 
5.9, 1.54, 0.1, and 0.19 (wt. % total solids, TS), respectively. It is important to note that 
variability in the composition of the waste stream will change the chemical as well as 
physical characteristics of the MSW. Chynoweth (1991) reports carbon, hydrogen, nitrogen. 
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Table 1.6. Typical physical composition of MSW (Tchobanoglous et. ai, 1993) 
Percent by weight 
Component Range Typical 
Food wastes 6-18 9.0 
Paper 25-40 34.0 
Cardboard 3-10 6.0 
Plastics 4-10 7.0 
Textiles 0-4 2.0 
Rubber 0-2 0.5 
Leather 0-2 0.5 
Yard wastes 5-20 18.5 
Wood 1-4 2.0 
Glass 4-12 8.0 
Tin cans 2-8 6.0 
Aluminum 0-1 0.5 
Other metal 1-4 3.0 
Dirt, ash, etc. 0-6 3.0 
Table 1.7. Typical moisture content of MSW components (Tchobanoglous et. ai, 1993) 
Moisture, percent 
Component Range Typical 
Food wastes 50-80 70 
Paper 4-10 6 
Cardboard 4-8 5 
Plastics 1-4 2 
Textiles 6-15 10 
Rubber 1-4 2 
Leather 8-12 10 
Yard wastes 30-80 60 
Wood 15-40 20 
Glass 1-4 2 
Tin cans 2-4 3 
Alimiinum 2-4 2 
Other metals 2-4 3 
Dirt, ashes, etc. 6-12 8 
MSW, total 15-40 20 
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Table 1.8. Typical densities of uncompacted MSW components 
(Tchobanoglous et. ai, 1993) 
Density, lb/yd 
Component Range Typical 
Food wastes 220-810 490 
Paper 70-220 150 
Cardboard 70-135 85 
Plastics 70-220 110 
Textiles 70-170 110 
Rubber 170-340 220 
Leather 170-440 270 
Yard wastes 100-380 170 
Wood 220-540 400 
Glass 270-810 330 
Tin cans 85-270 150 
Aluminum 110-405 270 
Other metals 220-1940 540 
Dirt, ashes, etc. 540-1685 810 
Table 1.9. Comparison of chemical compositions of OFMSW and PS (Peres et. ai, 1992) 
Component OFMSW PS 
%TS, wet wt basis %TS, wet wt basis 
Cellulose 32.9 13.4 
Hemicellulose 5.2 5.5 
Lignin 12.5 19.6 
Lipids 5.9 19.8 
Protein 9.6 18.2 
and phosphorus amounts as 38.8, 6.1, 0.6, and 0.03 (% TS, dry wt. basis), respectively. The 
C:N ratio is 70.5, while the C:P ratio is 1290, suggesting limitations for both of these 
nutrients (Chynoweth, 1991). For this reason, wastewater solids are often co-digested with 
MSW so that a good balance of nutrients is obtained for microbial degradation. As 
mentioned previously, biosolids have a C:N range of 6:1 to 16:1 (Stroot et. al, 1996). Table 
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1.10 shows some typical data for carbon, hydrogen, oxygen, nitrogen, and sulfur for various 
components of MSW (Tchobanoglous et. ai, 1993). Various researchers have suggested an 
optimal C:N:P ratio of 350:7:1 for highly loaded systems and 1000:7:1 for lightly loaded 
systems (Speece, 1996). 
As with the treatment of residual wastewater solids, the reduction of pathogens is an 
important aspect of MSW treatment. Microorganisms contained in MSW may originate from 
homes, institutions or industries. Some potential sources of infectious microbes include 
facial tissues, dog and cat feces, soiled disposable diapers, and putrescible foods (Pahren, 
1987). A number of different pathogens can be detected in MSW. The reader is referred to 
Pahren (1987) for a review of the literature concerning microorganisms in MSW. In order to 
determine the value of the end product of anaerobic digestion of MSW and sewage sludge for 
a soil amendment, pathogen reduction must be considered. Oftentimes, indicator organisms 
such as fecal and total coliforms are used to detect the presence of pathogens. Other 
microorganisms that are monitored include enterococci, streptococci, and Salmonella sp. 
(Kayhanian and Rich, 1996; Vallini et. ai, 1993). Thermophilic temperatures are often 
advantageous for the destruction of pathogens. 
Heavy metal toxicity is another factor to consider when anaerobically treating MSW. 
In order to land apply the humus-like end product of the anaerobic digestion of OFMSW 
with sewage sludge, certain pollutant concentration limits must be met (40 CFR Part 503). 
More than likely, OFMSW will not contain high concentrations of heavy metals since the 
metals and organics have been separated; however, wastewater solids may contain high 
concentrations of heavy metals. If a sufficient amount of OFMSW is added to "dilute" metal 
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Table 1.10. Typical C, H, O, N, and S contents of various components of MSW 
(Tchobanoglous et. aL, 1993) 
Percent by weight (dry basis) 
Component C H 0 N S 
Food waste 48.0 6.4 37.6 2.6 0.4 
Paper 43.5 6.0 44.0 0.3 0.2 
Cardboard 44.0 5.9 44.6 0.3 0.2 
Plastic 60.0 7.2 22.8 — — 
Textiles 55.0 6.6 31.2 4.6 0.15 
Rubber 78.0 10.0 — — 2.0 
Leather 60.0 8.0 11.6 10.0 0.4 
Yard wastes 47.8 6.0 38.0 3.4 0.3 
Wood 49.5 6.0 42.7 0.2 0.1 
Dirt, ash, etc. 26.3 3.0 2.0 0.5 0.2 
pollutants in sewage sludge, then concentration limits for land disposal of residue solids 
should be met (Kayhanian and Rich, 1996). 
Several methods are available for determining the anaerobic biodegradability of 
OFMSW, and different researchers have reported results from a number of different methods. 
Since biodegradability can vary depending on the method used and the content of the waste, 
generalizations cannot be made. However, biodegradability can give an idea as to which 
substituents of a waste may lend to limiting conditions for waste conversion. 
Owens and Chynoweth (1993) reported the biochemical methane potential (BMP) of 
several components of OFMSW. Using BMP as an indicator of biodegradability involves 
determining the methane yield and production rate for different components of the waste 
stream. The study showed that methane yields of up to 0.20 L/g VS applied are possible for 
the OFMSW stream as a whole. Yard waste portions exhibited variable BMPs, depending on 
the type of yard waste. Grass exhibited a BMP of 0.21 L/g VS applied, while mixed yard 
26 
waste only had a yield of 0.14 L/g VS applied. Bleached kraft paper had a maximum yield of 
0.37 L/g VS applied, and unbleached kraft paper had a methane yield of 0.28 L/g VS applied, 
while newspaper had a very low yield of 0.08 L/g VS applied (Owens and Chynoweth, 
1993). As can be seen from these results, it is evident that bleached paper appears to be the 
most biodegradable, followed by grass clippings, mixed yard waste and finally, newspaper. 
Kayhanian reported several methods to estimate the biodegradability of MSW, 
including long-term batch digestion studies, measurement of lignin content and chemostat 
studies (1995). Batch digestion studies are used to estimate biodegradability of substrates for 
specific digestion processes. Measurement of lignin content of volatile solids is achieved by 
crude fiber analysis. The biodegradability can be estimated by the following equation. 
Biodegradable Fraction = 0.83 - 0.028 LC (1) 
where LC represents the lignin content of the material. The chemostat technique is is similar 
to the BMP assay described in experiments by Owens and Chynoweth (1993). All of these 
methods can be used to predict the ultimate biodegradability; however, the results usually 
overestimate the biodegradability observed in full-scale systems (Kayhanian, 1995). 
Peres and colleagues (1992) showed that the biodegradability of certain constituents 
of OFMSW in mesophilic digesters (35°C) operating at a 20-day hydraulic retention time. 
Cellulose was shown to be the most important component of OFMSW for biogas production 
due to the high influent concentration and high conversion efficiency (74.0-77.8%). 
Hemicellulose and lipids were shown to be highly converted as well; however, biogas 
production from these sources is not high due the lower relative percentages of each in the 
waste. Water soluble proteins were also highly converted, but alkali soluble proteins 
consisting of keratin and collagen were not easily degradable. Lignin was only converted 
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slightly (8.1-17.2%). Lignin is often referred to as a non-biodegradable refractory organic 
compound (Tsao, 1984). The complex organic nature of lignin lends to lower degradability 
by anaerobic bacteria (Kayhanian, 1995). The solubilization rate of cellulose is known to be 
dependent on lignin content; therefore the removal of cellulose can also depend on lignin 
concentration in the waste. Solubilization of cellulose is often the rate limiting step in 
anaerobic digestion of OFMSW (Peres et. aL, 1992; Tsao, 1984). 
Summary 
The substrate used in this research consisted of synthetic OFMSW combined with 
primary solids. Co-digestion with primary solids was performed in order to alleviate possible 
nutrient limitations that have been reported in the literature. The composition of the 
synthetic OFMSW was based on the composition of MSW reported in the preceding section. 
This section concludes the literature review. This literature review has provided the 
background information regarding the research reported in the manuscripts presented in the 
following chapters. 
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CHAPTER 2. COMPARISON OF TEMPERATURE-PHASED, TWO PHASE, AND 
SINGLE STAGE ANAEROBIC CO-DIGESTION OF MUNICIPAL 
SOLID WASTE AND PRIMARY WASTEWATER SOLIDS 
A paper presented in part at the 1998 ASCE National Conference on 
Environmental Engineering and submitted for publication in the 
ASCE Journal of Environmental Engineering 
Kathryn Healy Schmit and Timothy G. Ellis 
Abstract 
The objective of this research was to evaluate the application of the temperature-phased 
process for the co-digestion of the organic fraction of municipal solid waste (OFMSW) and 
primary wastewater solids (PS) and to compare the process performance with both two phase 
and single stage anaerobic digestion. The temperature-phased (TP) and two phase (2P) 
processes both consisted of a thermophilic reactor operated at 55®C followed by a 
mesophilic reactor operated at 35°C. The pH of the thermophilic stage of the 2P system was 
controlled at 5.6, while the thermophilic stage of the TP system was operated at a neutral pH 
range. The single stage system (SS) was a single reactor operated at 35°C. The performance 
of both the TP and 2P systems were greater than the SS system when the feed contained 60 
and 80 percent OFMSW, due to increasing hydrolysis limitations. The TP, 2P, and SS 
systems had maximum methane yields of 0.418 ± 0.014,0.332 ± 0.013, and 0.361 ± 0.013 
L/g VS fed, respectively. Maintaining syntrophic relationships between acidogenic, 
acetogenic, and methanogenic bacteria in the first stage of the TP system led to superior 
system performance when feeding 0,20, and 40 percent OFMSW as compared to the both 2P 
and SS systems. When the OFMSW content of the feed was 60 and 80 percent, the 
difference in the performance the TP and 2P systems was less evident 
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Introduction 
Temperature-phased anaerobic treatment (TP) involves organic waste stabilization 
using a thermophilic first stage digester in series with a mesophilic second stage digester 
(Kaiser et. al., 1995). Han and Dague (1997a, 1997b) studied TP anaerobic digestion of 
primary wastewater solids, with a system hydraulic retention time (HRT) varying firom 10 to 
15 days and a system organic loading rate (OLR) ranging firom 2.1 to 2.9 g VS/L d. The 
thermophilic first stage HRTs ranged firom 3.3 to 5 days. The PS feed concentration ranged 
firom 4.5 to 5 percent TS. Performance of the temperature-phased process was higher at all 
HRTs and OLRs compared to the single stage process. Moreover, the TP system was 
capable of99.999 percent reduction in fecal and total coliforms, while the single stage 
process only achieved a 66 percent reduction. One advantage of the TP system is that 
syntrophic relationships between acidogenic, acetogenic and methanogenic bacterial 
populations are not prevented in the first stage. This type of syntrophy may be required to 
achieve maximum destruction of organics and concomitant production of methane. 
In order to establish the advantages of temperature-phased anaerobic digestion, 
comparison with two phase (2P) and single stage (SS) digestion was performed in this 
research. The two phase anaerobic process was also a two stage system; however, the first 
stage was utilized for hydrolysis/acidogenesis of the waste, while the second stage fiurther 
stabilized the waste through methanogenesis (Ghosh et. al., 1975, 1995). 
Methodology 
The anaerobic digesters used in this research were made firom cylindrical plexiglass 
and had stainless steel ports. Construction included the addition of a water-jacketed 
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temperature control system. All reactors included four top ports: mixer shaft, feed, decant, 
and gas ports. The mixer shaft, feed, and decant ports were 1.3-cm inner diameter (I.D.), and 
the gas ports were 0.6 cm I.D. The acidogenic reactor of the two phase system was equipped 
with ports for pH measurement and acid or base addition to maintain a pH of 5.6. In order to 
improve mixing conditions, all reactors included 1.3-cm baffles located along the height of 
the reactor. Both thermophilic reactors (methanogenic and acidogenic) had working volumes 
of 5 L. The second stage mesophilic reactors had working volumes of 8 L. The thermophilic 
first stage reactors were oversized to allow for effluent collection for testing purposes. The 
mesophilic single stage reactor had a working volume of 11 L. 
Pumping was performed using peristaltic pimips with 1.3 cm I.D. tubing. The 
mesophilic reactor temperatures were maintained at 35.0 ± 0.7°C, and the thermophilic 
reactor temperatures were maintained at 55.0 ± 0.7°C. Acidogenic pH control was employed 
with an automated control system that allowed feed of 1 N HCl or 1 N NaOH to maintain the 
pH at 5.6. Automated pH control was not necessary for the thermophilic stage of the TP 
system; however, sodium bicarbonate was added on an as-needed basis. Typically, this was 
only necessary when feeding conditions were changed and the system required additional 
buffering capacity. Mixing for the digesters was achieved using mechanical laboratory 
stirrers equipped with two 7.6-cm impellers along the mixer shaft. Mixing was performed 
for 30 seconds every 10 minutes for each reactor except the acidogenic reactor, which was 
mixed for 30 seconds every 5 minutes. Once per day, the mixers were operated at high speed 
to enable break-up of foam or scum layers. The gas collection system for each of the reactors 
consisted of five components: (1) a gas reservoir, (2) a gas observation tube, (3) a steel wool 
H2S scrubber, (4) a gas sampling port, and (5) a rotary drum wet test gas meter. 
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Various parameters were measiired throughout the experiment including pH, biogas 
production, biogas analysis by gas chromatography, chemical oxygen demand (COD), total 
solids (TS), volatile solids (VS), total volatile acids (TVA), and alkalinity. Each of these was 
measured in accordance with Standard Methods (APHA, 1995). 
The synthetic OFMSW stream used in this research contained (by dry weight) 50% 
bleached paper, 10% newspaper, 26% grass clippings, and 14% dry dog food (Ole Roy 
brand). The OFMSW was increased in the waste stream at ratios of0:100,20:80,40:60, 
60:40, and 80:20 OFMSW:PS by weight:weight total solids basis (wt:wt, TS). Table 2.1 
shows the average feed solids and total COD (TCOD) concentrations during operation of the 
system at different OFMSW:PS ratios. The goal of this was to maintain volatile solids load 
while increasing the amount of OFMSW in the feed. As can be seen, the VS load was fairly 
constant with OFMSW in the feed (2.3, 2.4, 2.4, and 2.6 g VS/L d for 20,40,60, and 80 
percent OFMSW, respectively). The percentage of volatile organics was higher when 
OFMSW was added to the substrate. Pxraiping was performed intermittently at 8 cycles per 
day. This method worked well at lower OFMSW concentrations; however, when the 
OFMSW was increased to 80 percent, operational problems were encountered due to clogged 
pumps. After approximately 3 days of pumping 80 percent OFMSW feed, the operation was 
changed to manual feeding at 2 cycles per day for each system. 
Sampling from the systems when the feed contained 0 and 20 percent OFMSW was 
performed over a concentrated period of time during pseudo steady-state operating 
conditions. Due to the increasing heterogeneity of the samples as the OFMSW percentage 
increased, the sampling strategy was changed at feed concentrations of40, 60, and 80 percent 
OFMSW. During 40, 60, and 80 percent OFMSW feed conditions, sampling occurred 
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Table 2.1 Average feed concentration 
Percent 
OFMSW 
Average feed solid concentration 
TS ± sdom® (mg/L) VS ± sdom" (mg/L) 
Average feed TCOD 
concentration ± sdom® 
(mg/L) 
0 30100 ±1700 21700 ±600 31100 ±800 
20 46500 ±1300 35200 ± 800 46100±1600 
40 43800 ± 700 36100 ±600 59400 ± 3800 
60 43300±1100 35500 ± 900 69500 ± 5300 
80 51600±1300 39400 ± 700 — 
® standard deviation of the mean 
weekly, and 3-week running averages were obtained for VS and TCOD. When the feed 
composition was 80 percent OFMSW, direct COD values were difficult to obtain due to 
increasing sample heterogeneity; therefore, CODs were calculated from the VS concentration 
at this condition. The TCODA/^S ratio was calculated based on a linear trend of increasing 
TCODA'^ S ratio as the OFMSW percent increased between 20 and 60 percent. 
Results and Discussion 
Each system was named as shown in Table 2.2. The systems were initially operated at 
a system HRT of 13 days. The HRTs of each of the individual reactors were as follows; 2P1-
3 days; 2P2- 10 days; TPl- 3 days; TP2- 10 days; and SS- 13 days. Once OFMSW was 
added to the feed stream, it was necessary to increase the HRT of the first stage of the 
temperature-phased system to 5 days in order to obtain stable performance. In order to 
maintain the same overall HRT of each system, system HRTs were changed to 15 days. 
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Table 2.2. Description of each system 
Abbreviation Description 
TP Temperature-Phased Process 
Thermophilic with methanogenesis 
Mesophilic with methanogenesis 
TPl 
TP2 
2P Two Phase Process 
Acidogenic/ Thermophilic 
Mesophilic with methanogenesis 
2P1 
2P2 
SS 
SS 
Single Stage Process 
Mesophilic with methanogenesis 
The HRTs of each reactor were then as follows: 2P1- 3 days; 2P2- 12 days; TPl- 5 days; 
TP2- 10 days; and SS- 15 days. At these HRTs, the system VS load ranged from 1.7 to 2.6 g 
VS/L d, while the system COD load ranged from 2.4 to 6.1 g TCOD/L d. As mentioned 
previously, the TCODA/^S ratio for the feed increased as more OFMSW was added to the 
stream. 
The overall methane production for each system is shown in Figure 2.1. On day 36, 
OFMSW was initially added as 20 percent of the feed. On approximately day 80, the system 
HRT was changed from 13 to 15 days. Once the HRT was increased, the overall stability 
and performance of each system improved. On day 171, the OFMSW was increased to 40 
percent. The methane production for each system dropped off for approximately one month. 
After approximately one month, the methane production increased for each system. The 
same general trend was observed for each system. The OFMSW in the substrate was 
increased to 60 percent on day 315 and to 80 percent on day 383. The investigation was 
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Figure 2.1. System methane production at STP 
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concluded on day 421. The average specific methane production for each system at each 
feed condition is shown in Table 2.3. 
The TVA and alkalinity data for each system are shown in Tables 2.4 and 2.5, 
respectively. The volatile acids of the mesophilic second stages and mesophilic single stage 
were low compared to the volatile acids in the thermophilic first stages of both the TP and 2P 
systems. The volatile acids of the acidogenic reactor (2P1) were high, indicating hydrolysis 
of the incoming organic material. The same was true for the thermophilic reactor of the 
temperature-phased system (TPl); however, the volatile acids were up to 62 percent lower 
than the 2P system when degrading OFMSW, due to the conversion of these acids to 
methane. When OFMSW was initially added to the feed, the TVA to alkalinity ratio 
increased from 0.15 to 0.95 for TPl. Although this ratio increased, the overall performance 
of the temperature-phased system did not decrease, and TPl continued to produce an average 
of 0.134 ± 0.008 L methane/g VS fed. 
When the feed contained 40 percent OFMSW, the temperature-phased system 
exhibited the highest specific methane production with 0.418 ± 0.014 L/g VS fed as 
compared to 0.332 ± 0.011 L/g VS fed and 0.358 ± 0.012 L/g VS fed for the two phase and 
single stage systems, respectively. When the feed was 60 percent OFMSW, a build-up of 
TVA was observed for TP2, and this affected the overall performance of the temperature-
phased system. As can be seen in Table 2.4, the average TVA were 934 mg/L for TP2 at 60 
percent OFMSW feed conditions as compared to 278 and 407 mg/L for 2P2 and SS, 
respectively. Since there was a build-up of TVA in the second stage, the performance of the 
TP system approached that of the 2P and SS systems. The overall specific methane 
production was 0.335 ± 0.018 L/g VS fed for the temperature-phased system at 60 percent 
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Table 2.3. Average methane production for each system 
Specific methane production ± sdom® (L/g VS fed) 
Percent OFMSW „ •, u j -r u c- i Temperature-phased Two phase Smgle stage 
0 0.325 ±0.010 0.283 ±0.014 0.285 ± 0.006 
20 0.377 ±0.011 0.331 ±0.013 0.361 ±0.013 
40 0.418 ±0.014 0.332 ±0.011 0.358 ±0.012 
60 0.335 ±0.018 0.312 ±0.019 0.311 ±0.023 
80 0.299 ±0.017 0.281 ±0.013 0.260 ± 0.014 
standard deviation of the mean 
Table 2.4. Total volatile acids ± sdom® (mg/L as acetic acid) 
Percent 
OFMSW TPl TP2 2P1 2P2 SS 
0 529 ±21 147 ± 27 3280 ± 60 141 ±27 171 ±0 
20 3260 ± 80 167 ±64 5660 ±140 143 ± 20 139 ±15 
40 3860 ± 630 179 ±32 5230 ± 480 216±48 213±4l 
60 2790 ± 530 934 ± 507 4650 ± 370 278 ±144 407 ±118 
80 1510 ±320 166 ±27 4060 ± 220 717 ±248 701±139 
® standard deviation of the mean 
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Table 2.5 Alkalinity ± sdom® (mg/L as CaCOs) 
Percent 
OFMSW TPl TP2 2P1 2P2 SS 
0 3430 ±130 4210 ±75 1930 ±130 3730 ± 350 3390 ±410 
20 3420 ± 80 5420 ± 80 3580 ±220 4580 ± 600 4920 ± 200 
40 3560 ±460 5270 ±310 2440 ± 200 4520 ±210 4540 ± 330 
60 3030 ±480 4970 ±680 2320 ± 280 4420 ±810 4450 ± 840 
80 3130 ±70 3790 ±200 2440 ± 260 3000 ± 300 3440 ±110 
® standard deviation of the mean 
OFMSW in the feed as compared to 0.312 ± 0.019 and 0.311 ± 0.023 L/g VS fed for the 
two phase and single stage systems, respectively. The importance of the second stage in the 
temperature-phased system was shown by this decrease in performance. Typically, the 
second stage of a TP system will compensate for poor performance in the first stage and help 
to maintain overall methane production; however, if the second stage is not performing well, 
the overall system performance will be negatively affected. 
Once the feed was increased to 80 percent OFMSW, the build-up of intermediates in 
TP2 had ceased, as characterized by a TVA level of 166 mg/L. The opposite was true for 
2P2 and the single stage reactor, as the TVA increased to 717 and 701 mg/L, respectively. 
From this, the overall specific methane production decreased to 0.281 ±0.013 and 0.260 ± 
0.014 L/g VS fed for the 2? and SS systems, respectively. The overall methane production 
for the temperature-phased system decreased to 0.299 ± 0.017 L/g VS fed at 80 percent 
OFMSW. The majority of the methane production during feeding with 80 percent OFMSW 
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was produced in the first stage of the temperature-phased system (67 percent of the total 
methane production). Moreover, the TVA concentration decreased from 2790 to 1510 mg/L 
in TPl. This indicated greater conversion of TVA intermediates to methane in TPl at 80 
percent OFMSW as compared to 60 percent OFMSW. The lower TVA concentration 
observed in TP2 at 80 percent OFMSW as compared to 60 percent OFMSW may have been 
due to the decreased concentration of intermediates fed from TPl. 
As mentioned previously, weekly samples were obtained during feeding with 40,60, 
and 80 percent OFMSW. The 3-week running average data for VS and TCOD are shown in 
Figures 2.2 and 2.3, respectively. When the OFMSW was increased to 80 percent, 
representative COD samples were difficult to obtain; therefore, the TCOD values for the feed 
shown in Figure 2.3 at 80 percent OFMSW were calculated from volatile solids data. The 
TCOD/VS ratios used for calculating the TCOD of the feed at 80 percent were based on the 
increasing TCOD/VS trend obser\'ed during feeding with 20,40, and 60 percent OFMSW 
(TCOD/VS at 80 percent OFMSW = 2.28). Table 2.6 shows the VS and TCOD removal 
efficiency for each system at 0,20,40, 60, and 80 percent OFMSW feed compositions. The 
removals were calculated from averages of all the data taken at each condition. Since these 
systems were treating high solid waste of a heterogeneous nature, the approach of using 
average data values was considered more useful. 
In general, the methane yields and organic destruction increased for the temperature-
phased and single stage systems as more OFMSW was fed to the systems, up to 60 percent 
OFMSW (see Tables 2.3 and 2.6). At this point, the temperature-phased and single stage 
systems showed both lower methane yields and organic removal when feeding 60 percent 
OFMSW as compared to 40 percent OFMSW. The two phase system was the only system to 
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Table 2.6. Volatile solids and COD removal efi5ciencies 
Percent VS Removal ± sdom '(%) TCOD Removal ± sdom* (%) 
OFMSW Temp- Two single- Temp- Two Single-Stage 
Phased Phase stage Phased Phase 
0 47.5 ±3.2 39.6 ± 3.8 41.5 ±3.8 45.7 ±4.7 32.5 ± 3.5 37.3 ±4.7 
20 58.2 ±3.1 48.6 ±3.3 55.7 ±2.8 47.9 ± 5.6 44.9 ±5.1 51.2 ±4.1 
40 69.8 ± 3.0 59.3 ± 3.2 63.4 ±3.5 66.5 ± 7.4 57.7 ± 7.2 64.9 ±7.1 
60 65.1 ±4.4 65.1 ±4.4 48.2 ±7.1 63.2 ± 8.2 66.0 ± 8.0 57.4 ± 7.6 
80 71.6 ±2-9 69.3 ± 2.7 69.0 ± 3.8 
® standard deviation of mean, propagation of error by quadratic sum 
show increasing organic removal when the feed OFMSW composition was increased to 60 
percent. The two phase system also showed relatively constant methane yield between 
feeding 20,40, and 60 percent OFMSW. Each system showed the highest VS removals 
when feeding 80 percent OFMSW. Nevertheless, the highest methane production was not 
obtained when feeding 80 percent OFMSW (see Table 2.3). The build-up of TVA in 2P2 
and SS was attributed to the lower methane production and higher VS destruction when 
feeding 80 percent OFMSW (see Table 2.4). Although this was true for the two phase and 
single stage systems, a build up of TVA was not observed in TPl or TP2 at these conditions. 
It is important to consider the testing protocol when evaluating organic removals 
based on solids and COD data. Since data collection for conditions when feeding 0 and 20 
percent OFSMW was taken over a concentrated period of time, rather than as a running 
average, these values for the removals may not be as representative as the values for 40 and 
60 percent. Moreover, as the OFMSW was increased to 80 percent, samples became 
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increasingly heterogeneous, and the systems were fed manually Higher apparent organic 
removals may have been obtained due to entrapment of solids in the observed scum layer or 
due to inadeqiiate mixing and entrapment of solids along the reactor bottom or aroimd the 
impeller blade of the mixer. These types of problems were encountered a great deal more 
when the feed contained 80 percent OFMS W. Due to these problems, the methane 
production data may be more reliable than the solids or TCOD data when the feed contained 
80 percent OFMSW. 
From these results, it is evident that at higher OFMSW fiactions, the advantages of 
staging were more apparent The single stage system worked as well as the temperature-
phased system and better than the two phase system up to a feed OFMSW composition of 40 
percent. When the OFMSW in the feed was increased to 60 percent, the VS removal 
dropped to 48.2 ± 7.1 percent and the methane production decreased from 0.358 ± 0.012 to 
0.311 ± 0.023 L/g VS fed for the SS process. When the OFMSW was increased to 80 
percent, the methane yield of the single stage system dropped to 0.260 ±0.014 L/g VS fed. 
Both the temperature-phased and two phase systems outperformed the single stage systems 
when the feed OFMSW composition was 60 and 80 percent. As the OFMSW was increased, 
hydrolysis became increasingly limited, and thus the single stage system did not perform as 
well as the staged systems. One of the advantages of staging is the ability to isolate and 
increase the rate of limiting reactions in the process. In addition, the mesophilic single stage 
system would not offer the advantage of pathogen destruction as would the thermophilic first 
stages of the temperature-phased and two phase systems used in this research. While 
pathogen removal was not the focus of this study, it is widely known that pathogen 
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destruction would be increased at thermophilic temperatures as compared to mesophilic 
temperatures. 
The temperature-phased system performed better than the two phase system up to an 
OFMSW content of 40 percent. When the OFMSW was increased to 60 percent, the 
methane yields for the temperature-phased and two phase systems were 0.335 ± 0.018 and 
0.312 ± 0.019 L/g VS fed, and the VS destruction for each system was 65.1 ± 4.4 percent. 
The performance of the two systems seemed to approach each other as the OFMSW content 
of the feed was increased. While both systems had the ability to increase the rate of 
hydrolysis, the temperature-phased system maintained syntrophic relationship between 
methanogenic, acetogenic, and acidogenic bacteria consortia, and the two phase system was 
designed to isolate and optimize the hydrolytic/acidogenic portion of the degradation process. 
The research described herein showed that maintaining syntrophic relationships, as is the 
case for the temperature-phased system, offers higher methane yields and higher organic 
destruction when feeding 0,20, and 40 percent OFMSW mixed with primary wastewater 
solids. At higher OFMSW fractions, the differences between the performances of the 
temperature-phased and two phase systems was less evident, and thus the advantages of 
maintaining syntrophic relationships was less apparent. 
Conclusions 
The following conclusions were evident from this research: 
(1) Effective treatment of OFMSW combined with PS was achieved at organic loading rates 
between 1.7 and 2.6 g VS/L d using temperature-phased, two phase and single stage 
anaerobic digestion systems. The temperature-phased system had a maximum methane 
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yield of 0.418 ± 0.014 \J% VS fed when the feed contained 40 percent OFMSW. The two 
phase system had a relatively constant methane yield ranging from 0.331 ± 0.013 to 
0.312 ± 0.019 L/g VS fed when the OFMSW content ranged from 20 to 60 percent 
OFMSW. The single stage system had a maximum methane yield of 0.361 ± 0.013 L/g 
VS fed when the feed contained 20 percent OFMSW. The volatile solids and COD 
destruction was higher for each system when OFMSW was added to the feed as 
compared to treating primary solids alone. 
(2) The single stage system performance was less when the OFMSW content was above 40 
percent in the feed. This was due to greater limitations in hydrolysis at higher OFMSW 
fractions as characterized by a build-up of volatile acid concentration to a level of 701 
mg/L when the feed contained 80 percent OFMSW. The methane production was 0.260 
±0.014 L/g VS fed for the single stage system at this condition. This was the lowest 
methane yield observed throughout the experiment. 
(3) The total volatile acid concentrations of the acidogenic stage of the two phase system 
ranged from 3280 to 5660 mg/L, while the total volatile acid concentrations of the 
thermophilic stage of the temperature-phased system ranged from 529 to 3860 mg/L. 
The high volatile acid concentrations were due to hydrolysis and acidogenesis of organics 
in the feed. The added conversion to methane of these volatile acids in the first stage of 
the temperature-phased system led to superior system performance when feeding 0, 20, 
and 40 percent OFMSW as compared to the single stage and two phase systems. 
(4) When the OFMSW content of the feed was 60 and 80 percent, the difference between 
the performance the temperature-phased and two phase systems was less evident. The 
methane yields for the temperature-phased and two phase systems when feeding 60 
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percent OFMSW were 0.335 ± 0.018 and 0.312 ± 0.019 L/g VS fed, respectively. The 
VS removal was 65.1 ± 4.4 percent for both systems. The methane yields for the 
temperature-phased and two phase systems with and OFMSW content of 80 percent in 
the feed were 0.299 ± 0.017 and 0.281 ± 0.013 L/g VS fed, respectively. From this, the 
advantages of maintaining syntrophic relationships were less apparent when the feed 
contained 60 and 80 percent OFMSW. 
(5) This research has demonstrated the advantages of using the temperature-phased process 
for treating municipal solid waste ftactions in terms of volume reduction and energy 
production in the form of methane. 
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Abstract 
Characterization of the similarities and differences between two phase and 
temperature-phased systems treating primary wastewater solids (PS) and the organic fraction 
of municipal solid waste (OFMSW) as substrate was performed by comparing the rates of 
key steps, including hydrolysis and methanogenesis. Hydrolysis was assumed to be the 
initial rate-limiting step; therefore, hydrolysis rates were compared in each of the first stages 
of the two systems. Hydrolysis rates were determined from particulate chemical oxygen 
demand (PCOD) destruction in operating temperature-phased and two phase systems. 
Methanogenesis was assumed to be the next rate-limiting step after hydrolysis. Acetoclastic 
methanogenic rates were determined using batch tests with inocula from operating two phase 
and temperature-phased systems. The batch tests were performed using an anaerobic 
respirometric technique in order to determine Monod first-order rate coefficients. The first 
stage of the temperature-phased system had higher hydrolysis rates than the first stage of the 
two phase system at all conditions tested. The temperature phased system had specific 
hydrolysis rates ranging from 0.048 to 0.285 g PCOD/g VS-d. The two phase system had 
specific hydrolysis rates ranging from 0.063 to 0.190 g PCOD/g VS-d. The temperature-
phased system oiitperformed the two phase system in terms of methane production and 
volatile solids reduction when treating an OFMSWrPS stream at ratios of 0:100,20:80, and 
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40:60. When the feed ratios were 60:40 and 80:20 OFMSW:PS, the difference between the 
two systems was less evident At a feed concentration of 4.4% TS (40:60 OFMSW:PS) and 
15-day system hydraulic retention time (HRT), the temperature-phased system achieved a 
69.8 ± 3.0% VS destruction with a methane yield of 0.418 ± 0.014 L/g VS fed, and the two 
phase system achieved a 59.3 ± 3.2% VS destruction with a methane yield of 0.332 ± 0.011 
L/g VS fed. At a feed concentration of 4.3% TS (60:40 OFMSW:PS) and 15-day system 
hydraulic retention time (HRT), the temperature-phased system achieved a 65.1 ± 4.4% VS 
destruction with a methane yield of 0.335 ±0.018 L/g VS fed, and the two phase system 
achieved a 65.1 ± 4.4% VS destruction with a methane yield of 0.311 ± 0.023 L/g VS fed. 
At a feed concentration of 5.2% TS (80:20 OFMSW:PS) and 15-day system hydraulic 
retention time (HRT), the temperature-phased system methane production was 0.299 ±0.017 
L/g VS fed, and the two phase system methane production was 0.281 ±0.013 L/g VS fed. 
Introduction 
Co-digestion of primary wastewater solids (PS) and the organic fraction of municipal 
solid waste (OFMSW) has been studied extensively since the early 1970s (Klein, 1972; Diaz 
et. ah, 1974, 1977; Stenstrom et. al., 1983; Schmidell et. ah, 1986; Isaacson et. al., 1988; 
Cecchi et al., 1988; Kayhanian and Rich, 1996). As this type of research has evolved, the 
trend for treatment has emerged from lower total solids concentrations (4-10%, TS) toward 
higher feed solids concentrations (20-40%, TS). This shift has exasperated problems such as 
material handling and inadeqiiate mixing. To overcome these problems in a high rate 
anaerobic treatment system, the research described herein demonstrates that OFMSW 
slurried with primary wastewater solids up to a concentration of 5.2% total solids can be 
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efBciently degraded using either a temperature-pliased or two phase system. Temperature-
phased anaerobic treatment involves organic waste stabilization using a thermophilic first 
stage digester in series with a mesophilic second stage digester. Two phase anaerobic 
treatment is also a two-stage system; however, the first stage is utilized for hydrolysis/ 
acidogenesis of the waste, while the second stage further stabilizes the waste through 
methanogenesis. Thermophilic anaerobic treatment offers the advantage of pathogen 
destruction as demonstrated by temperature-phased research reported by Han and Dague 
(1997a, 1997b). 
Although a system with a low solids feed concentration is a departure from the 
current trend of treating higher solids OFMSW streantis, it is believed that improved transport 
and mixing of slurries is a distinct advantage, resulting in greater process efficiency in terms 
of solids destruction and stabilization over high solids processes. One concern for treating 
PS and OFMSW with lower solids concentrations is the need to dewater the final product. In 
current research, preliminary results show that the temperature-phased effluent has higher 
dewaterability than either two phase or single stage effluents treating OFMSW slurried with 
PS. This is due to the increased solids destruction in the temperature-phased system. Tests 
utilized to determine dewaterability included capillary suction time (CST), centrifugation, 
and the Buchner funnel test (Abel, 1998). 
The development of both the two phase anaerobic digestion process by Ghosh et. al. 
(1971, 1975,1995) and the temperature-phased process by Dague and coworkers (Han and 
Dague, 1997a, 1997b) has shown that these treatment systems exhibit a marked improvement 
over conventional single stage digesters. One advantage of using these types of 
configurations is the increased rate of hydrolysis in the first stage. Hydrolysis is assumed to 
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be the rate limiting step in the anaerobic degradation of wastes with high concentrations of 
particulate organic matter, such as wastewater solids and municipal solid waste (Chyi and 
Dague, 1994; Eastman and Ferguson, 1981; Pavlostathis and Giraldo-Gomez, 1991). By 
increasing hydrolysis in the first stage, the overall efficiency of the digestion process can be 
improved. The main difference between two phase and temperature-phased processes is that 
in two phase digestion, methanogenesis is suppressed in the first stage, while in temperature-
phased systems, the thermophilic first stage maintains methanogenic activity. The first stage 
of both systems produces elevated levels of volatile acids. The second stage mesophilic 
reactor subsequently converts these acids and other intermediates to methane. One 
advantage of the temperature-phased system is that syntrophic relationships between 
acidogenic, acetogenic and methanogenic bacterial populations are encouraged in the first 
stage. This type of syntrophy may be required to achieve maximum destruction of organics 
and concomitant production of methane. 
Methodology 
The temperature-phased process was designated as System TP, while the two phase 
process was designated as System 2P. Each system consisted of a thermophilic completely 
mixed reactor operating at 55®C in series with a mesophilic completely mixed reactor 
operating at SS'C. For the two phase system, the pH of the first stage was controlled at 5.6, 
the optimum pH determined by previous research investigating the acidogenesis of cellulose 
(Chyi and Dague, 1994). For the temperature-phased system, the pH of the first stage was 
neutral. Each reactor was named as follows: 
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System TP Temperature-Phased Anaerobic Digestion 
Reactor TPl Thermophilic with methanogenesis 
Reactor TP2 Mesophilic with methanogenesis 
System 2P 
Reactor 2P1 
Reactor 2P2 
Two phase Anaerobic Digestion 
Acidogenic/Thermophilic 
Mesophilic with methanogenesis 
The synthetic OFMSW stream used in this research contained (by weight) 50% ofBce 
paper, 10% newspaper, 26% grass clippings and 14% dry dog food. Table 3.1 shows a 
comparison of a typical OFMSW waste stream compared with the synthetic waste stream 
used in this research. The systems initially treated PS as the sole substrate, and the OFMSW 
content of the waste stream was increased incrementally. The ratios of OFMSWrPS used 
were 0:100,20:80,40:60, 60:40, and 80:20 on a weight:weight total solids basis. 
Mixing and feeding were performed on a semi-continuous basis. Mixing was for 30 
seconds every 10 minutes, and feeding was performed every 3 hours. Feed and decant were 
pimiped peristaltically when feeding 0:100,20:80,40:60, and 60:40 OFMSW:PS ratios. 
When the OFMSW:PS ratio was increased to 80:20, manual feeding occurred 2 times per 
day. Initially, both systems were operated at a 13-day hydraulic retention time (HRT); 
however, the thermophilic stage of the temperature-phased system was increased to 5 days to 
avoid methanogenic washout on approximately day 80 of operation. In order to maintain the 
same overall system loading, both systems were operated at a system hydraulic retention time 
(HRT) of 15 days. The HRTs of each of the individual reactors were as follows: 2P1- 3 
days; 2P2- 12 days; TPl - 5 days; and TP2- 10 days. 
Various parameters were measured throughout this research, including pH, biogas 
production, chemical oxygen demand (COD), total solids (TS), volatile solids (VS), total 
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Table 3.1. Comparison of typical and synthetic OFMSW 
Typical MSW* 
% 
Typical OFMSW® 
% 
Synthetic 
OFMSW^ 
% 
Paper products 40 59 60 
Food waste 9 13 14 
Yard waste 19 27 26 
* Tchobanoglous et al., 1993; ** paper products- office paper and newspaper; food waste- dry dog food 
volatile acids (TVA), and alkalinity. When COD and solids samples were analyzed, a 24-
hour composite sample was used. For pH, TVA, and alkalinity measurements, grab samples 
were used and tested immediately upon withdrawal from the reactor. The biogas was 
analyzed for nitrogen, methane, and carbon dioxide using gas chromatography with He 
carrier gas and thermal conductivity detection. All parameters were measured in accordance 
with Standard Methods (APHA, 1995). The total COD (TCOD) values for the feed with 
80:20 OFMSWrPS were not reported due to the increasing heterogeneous nature of the solids 
in the samples and the difSculty in obtaining accurate TCOD data for the feed. 
Diuing operation of the system with feed ratios of 0:100 and 20:80 OFMSW:PS, the 
effluent samples for testing were taken over a concentrated 3 to 5-day period during steady-
state conditions. As the OFMSW content of the feed was increased, the nature of the waste 
became inherently more heterogeneous, and the system variability increased as well. For this 
reason, the testing protocol was changed, enabling a more useful approach to analysis of 
these types of systems. Instead of concentrating data analyses over a short period of time, 
analyses were performed weekly for 40:60,60:40, and 80:20 OFMSW:PS feed ratios in order 
to obtain a running average of the parameters. Moreover, during feeding with an 
OFMSW:PS ratio of20:80, a build up of solids in the first stages of the systems was 
51 
observed. These excess solids were degraded as a consortia developed for hydrolyzing the 
increased particulate content. For instance, the data for 20:80 OFMSW;PS showed a 
negative total solids reduction in the first stage of the 2P system. This was due both to the 
accumulation of solids as well as testing during a short period of time. This situation was 
corrected by maintaining a rurming average of weekly test results. The 40:60,60:40, and 
80:20 data are therefore reported on a 3-week nmning average basis. 
First-order acetoclastic methanogenic rate coefficients (qm/Ks) were obtained in batch 
tests utilizing a Challenge anaerobic respirometer (Model ANRIOO). Inocula from the 
operating two phase and temperature-phased systems were fed acetate at concentrations of 
3000 mg/L and 4000 mg/L for mesophilic and thermophilic conditions, respectively. In 
order to supply the proper nutrients for acetoclastic methanogenic activity, a batch medium 
was added. The concentrations were the same as used by Angenent(1997). A sodium 
bicarbonate buffer solution was used to maintain near neutral pH conditions. Forty mL of 
batch media, 40 mL of a 60 g/L sodium bicarbonate solution, and 25 mL of inoculant from 
the system of interest were added to a 500-mL serum bottle fitted with a screw cap and 
rubber septum. The bottles were diluted to 300 mL with tap water and flushed with nitrogen 
gas. Acetate at the proper concentration was injected, and a 24-hour period was allowed for 
acclimation and degradation of excess substrate in the inoculant. Acetate was then injected 
once again at the proper concentration and the methane production monitored. Each sample 
was performed in triplicate with blanks. The Challenge anaerobic respirometer monitored 
gas production by coimting the bubbles that passed through a pre-calibrated flow-cell. A 
carbon dioxide scmbber with a 50/50-w/w mixture of KOH/silica was placed in-line before 
the flow-cell in order to measure only the methane produced. 
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Results 
The solids, COD, TV A, alkalinity, pH, and percent methane data are tabulated in 
Tables 3.2 and 3.3 for each OFMSWrPS ratio and each reactor. Figure 3.1 shows the specific 
methane production and organic loading during the operation of the temperature-phased and 
two phase systems. The methane and organic loading shown represent 5-day running 
averages. On day 36, the OFMSWrPS ratio was changed to 20:80; on day 171, OFMSW was 
increased to a ratio of40:60; on day 315, the ratio was increased to 60:40; and on day 383, 
the OFMSW:PS ratio was increased to 80:20. Figure 3.2 shows the overall specific methane 
production for each stage of both the temperature-phased and two phase systems. The gas 
production of the two phase system dropped off initially when OFMSW was first added to 
the feed on day 36, but returned to previous levels after approximately two weeks. As can be 
seen by Figure 3.2, the gas production of the thermophilic stage of the temperature-phased 
system (TPl) began to decrease on approximately day 80. At this point the HRT of TPl was 
increased to 5 days, as discussed previously. After the HRT was changed, on approximately 
day 120, the performance of TPl improved. During the poor performance of reactor TPl, 
reactor TP2 compensated for the buildup of volatile acids in the first stage by subsequent 
conversion to methane. The overall performance of the TP system was not affected as can be 
seen by the system methane production shown in Figure 3.1. One of the advantages of the 
temperature-phased system is the ability of the mesophilic digester to compensate for process 
fluctuations. 
When the OFMSW ratio was increased to 40:60, both systems showed a gradual 
decrease in methane production until approximately day 200, when the methane production 
for each system increased as shown in Figure 3.1. The temperature-phased methane 
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Table 32. Overall system performance parameters: solids and COD data 
OFMSWrPS TS ± sdom' VS ± sdom' TCOD ± sdom* SCOD ± sdom" 
Ratio mg/L mg/L mg/L mg/L 
Feed 30100 ± 1700 21700 ±600 31199 ±800 4250 ±220 
TPl 19000 ± 1100 12200 ±700 18500 ±800 3300 ±450 
0:100 TP2 19400 ±300 11400 ±200 18500 ±800 3300 ±450 
2P1 24200 ± 500 17100 ±400 29300 ±1100 6690 ±250 
2P2 21700 ±900 13100 ±400 21000 ±300 1570 ±330 
Feed 46500 ± 1300 35200 ± 800 46100 ± 1600 8970 ± 760 
TPl 56800 ± 2100 28200 ± 1400 40900 ± 1900 10400 ±200 
20:80 TP2 30800 ±600 14700 ±500 24000 ± 1300 3670 ±510 
2P1 68100 ± 1000 37800 ± 1000 55800 ± 1800 14600 ±900 
2P2 35900 ±700 18100 ±700 25400 ± 1400 3970 ±360 
Feed 43800 ±700 36100 ±600 59400 ±3800 10800 ±800 
TPl 31000 ±2800 22200 ±2000 41400 ±3300 13800 ±900 
40:60 TP2 19100 ± 1000 10900 ±600 19900 ± 1400 1720 ±100 
2P1 39400 ± 1500 30900 ± 1200 56700 ±2700 14600 ±700 
2P2 24100 ± 1200 14700 ±800 25100 ± 1400 1840 ±120 
Feed 43300 ± 1100 35500 ± 900 69500 ± 5300 9250 ± 650 
TPl 32100 ±3500 25800 ±2600 44500 ±5800 11800 ±900 
60:40 TP2 22700 ± 1700 12400 ± 1100 25600 ± 1800 1910 ±180 
2P1 42600 ± 2100 33200 ± 1900 57600 ±5600 15200 ± 1100 
2P2 20400 ± 1700 12400 ± 1100 23600 ± 1600 1650 ±70 
Feed 51600 ± 1300 39400 ±700 — ~ 
TPl 34100 ±3900 21400 ±2000 27300V 2600 750 ±990 
80:20 TP2 20000 ± 1100 11200 ±500 20000 ±2200 1680 ±320 
2P1 44600 ±400 32900 ±2000 39500 ±2800 9460 ±440 
2P2 20500 ±400 12100 ±300 18700 ±1900 2380 ±440 
' standard deviation of the mean 
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Table 3.3. Overall system performance parameters: TV A, alkalinity, pH, and percent CH4 
OFMSWrPS TVA ± sdom' Alkalinity ± sdom' pH % CH4 ± sdom' 
Ratio mg/L as acetic acid mg/L as CaCOi 
TPl 529 ±21 3430 ±130 7.6 65.8 ± 0.7 
0:100 TP2 147 ± 27 4210 ±75 7.6 70.4 ±0.1 
2P1 3280 ±60 1930 ± 130 5.6 48.9 ± 0.5 
2P2 141 ±27 3730 ± 350 7.3 69.0 ±0.1 
TPI 3260 ± 80 3420 ± 80 6.9 52.2 
20:80 TP2 167 ±64 5420 ± 80 7.5 67.7 
2P1 5660 ±140 3580 ± 220 5.6 41.2 
2P2 143 ± 20 4580 ± 600 7.4 62.0 
TPl 3860 ± 630 3560 ± 460 7.1 49.6 ± 0.8 
40:60 TP2 170 ±32 5270 ±310 7.3 67.6 ± 1.1 
2P1 5230 ±480 2440 ± 200 5.6 42.6 ± 1.3 
2P2 216 ±48 4520 ±210 7.2 57.4 ± 1.8 
TPl 2790 ± 530 3030 ± 480 7.0 44.8 ± 1.6 
60:40 TP2 934 ± 507 4970 ± 680 7.2 58.7 ± 2.2 
2P1 4650 ± 370 2320 ± 280 5.6 40.3 ± 2.9 
2P2 278 ±144 4420 ±810 7.0 55.6 ± 3.5 
TPl 1510 ±320 3130 ±70 7.3 53.5 ± 1.9 
80:20 TP2 166 ±27 3790 ± 200 7.4 67.7 ± 1.9 
2P1 4060 ± 200 2440 ± 260 5.6 39.6 ± 2.7 
2P2 717 ±248 3000 ± 300 7.1 56.2 ± 1.1 
' standard deviation of the mean 
production was consistently higher than the two phase methane production over the period 
when the feed consisted of40:60 OFMSW:PS. When the OFMSW ratio was increased to 
60:40, the average temperature-phased specific methane production decreased from 0.418 ± 
0.014 to 0.335 ± 0.018 L/g VS fed, and the two phase specific methane production decreased 
slightly from 0.332 ±0.011 to 0.312 ± 0.019 L/g VS fed. The temperature-phased system 
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had higher overall specific methane production at all conditions except at 80:20 OFMSW:PS, 
where the average methane production was equal to that of the two phase system, as shown 
in Table 3.4. 
When feeding only PS, the first stage of the temperature-phase system produced 69 
percent of the total methane production. After OFMSW was fed to the system, the 
performance of TPl began to decrease after approximately one month, as shown in Figure 
3.2. As described previously, TP2 began to compensate by producing more methane from 
the excess TVA produced in TPl. When the HRT was changed to 15 days, and the system 
reached a pseudo-steady state, the performance of TPl improved; however, the average 
methane production of TPl was only 36 percent of the total average methane production. 
The second stage of the TP system continued to produce the majority of the methane when 
the feed had a 40:60 OFMSW:PS ratio. When the feed was changed to 60:40 OFMSW, TP2 
experienced a build up of TVA (see Table 3.3), and the average methane production 
decreased from 0.238 ± 0.010 to 0.172 ± 0.013 L/g VS fed. Although the average TVA then 
decreased to 166 mg/L for TP2 when the OFMSW:PS feed ratio was 80:20, TP2 no longer 
produced as much methane as it had previously. This is due in large part to the fact that TPl 
produced 67 percent of the overall methane. It is interesting to note that the temperature-
phased system performance approached that of the two phase system as TP2 had less 
methane production, or when feeding 60:40 and 80:20 OFMSW:PS. 
Hydrolysis of particulate organic matter in each system was characterized by looking 
at VS removal and particulate COD (PCOD) hydrolysis rates. Table 3.5 shows the first stage 
and total system VS reduction. Hydrolysis rates are shown in Table 3.6. In order to obtain 
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Table 3.4. Specific methane production 
Percent Average specific methane production ± sdom® (L/g VS fed at ST?) 
OFMSW 
TPl TP2 TP System 2P1 2P2 2P System 
0 0.226 ± 0.098 ± 0.325 ± 0.021 ± 0.265 ± 0.283 ± 
0.007 0.006 0.010 0.002 0.014 0.014 
20 0.134 ± 0.245 ± 0.377 ± 0.017 ± 0.316 ± 0.331 ± 
0.008 0.011 0.011 0.001 0.013 0.013 
40 0.180 ± 0.238 ± 0.418 ± 0.020 ± 0.313 0.332 ± 
0.008 0.010 0.014 0.011 ±0.011 0.011 
60 0.163 ± 0.172 ± 0.335 ± 0.023 ± 0.296 ± 0.312 ± 
0.014 0.013 0.018 0.005 0.020 0.019 
80 0.199 ± 0.093 ± 0.299 ± 0.025 ± 0.253 ± 0.281 ± 
0.013 0.007 0.017 0.005 0.013 0.013 
" standard deviation of the mean 
the specific rate, the rate of PCOD hydrolysis was divided by the mass of volatile solids 
concentration in the reactor as shown in Equation (1): 
Specific Hydrolysis Rate = (mass/dav PCOD)in - (mass/dav PCOD^out 
mass of Volatile Solids in Reactor (1) 
The PCOD concentration was obtained from the difference between the total and soluble 
COD concentration (see Table 3.2). The corresponding overall PCOD removals are 
tabulated in Table 3.7. 
The results for the methanogenic respirometer test are shown in Table 3.8. The 
cumulative methane production rate was used to determine the first-order coefficient, qm/Kj, 
where qm is the maximum substrate utilization rate (mg substrate COD/mg cells COD d) and 
Ks is the half-saturation constant (mg/L). The qm/Ks values were estimated by nonlinear 
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Table 3.5. Volatile solids removal 
Percent 
OFMSW 
TPl- first stage 
VS Removal ± sdom* ( %) 
TP- system 2Pi- first stage 2P- system 
0 43.8 ±4.4 47.5 ± 3.2 21.2 ±3.4 39.6 ±3.8 
20 19.9 ± 4.6 58.2 ±3.1 — 48.6 ±3.3 
40 38.5 ± 5.9 69.8 ±3.0 14.4 ±3.7 59.3 ±3.2 
60 27.3 ± 7.8 65.1 ±4.4 6.5 ± 5.9 65.1 ±4.4 
80 45.7 ± 5.5 71.6 ±2.9 16.5 ± 5.4 69.3 ± 2.7 
® standard deviation of the mean, propogation of error by quadratic sum 
Table 3.6. Hydrolysis rates 
Percent 
OFMSW 
Hydrolysis rate (g PCOD/L-d)' 
TPl 2P1 
Specific hydrolysis rate (g PCOD/g VS*d) 
TPl 2P1 
0 3.47 1.07 0.285 0.063 
20 1.34 — 0.048 — 
40 4.42 2.34 0.199 0.076 
60 5.94 6.31 0.230 0.190 
Reported on a per reactor volume basis 
regression using a fourth-order Rimga-Kutta approximation. For certain biological systems, 
it is difficult to separate the Monod parameters qm and Kg; therefore, it is often useful to 
report these values as a quotient. The qm/Ks value has also been termed the first-order 
coefficient for Monod kinetics when the substrate concentration is much greater than the half 
saturation coefficient (S » Kg). The high value of qm/Kj (3.27x10*^ L/mg h) for TPl 
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Table 3.7. Particulate COD removal 
Percent 
OFMSW 
TPl 
PCOD removal ± sdom* (%) 
TP System 2P1 2P System 
0 40.3 ± 4.3 40.3 ±4.3 12.4 ±2.3 24.8 ±4.6 
20 18.0 + 5.8 46.5 ±8.1 — 42.5 ±9.2 
40 45.4 ± 6.5 63.8 ± 8.9 14.4 ±3.0 51.4 ±9.5 
60 47.1 ±7.9 63.7 ± 8.5 30.0 ±6.1 65.2 ±8.1 
® standard deviation of the mean, propagation of error by quadratic sxmi 
Table 3.8. First-order acetociastic methanogenic coefficient 
Percent qm/Ks (L/mg h) x 1000 
OFMSW 
TP] TP2 2P2^ 
40 3.27 1.81 1.84 
60 1.25 1.26 1.12 
80 1.41 1.43 1.55 
correlated with the high VS destruction and hydrolysis rate for TPl with a feed containing 40 
percent OFMSW. Both TP2 and 2P2 had similar qm/Ks values at 40 percent OFMSW in the 
feed. This provides further evidence for the superior performance of the temperature-phased 
process at a 40:60 OFMSW:PS ratio. The second stages had similar first-order methanogenic 
rates; however, with the added methanogenic activity in TPl, the TP system had higher 
overall methane production and VS destruction. 
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For each reactor, the value of qm/Ks decreased when the OFMSW was increased from 
40 to 60 percent. The first-order rate constant of TPl decreased to approximately 30 percent 
of the previous value. The qm/Ks value of TP2 also decreased, although to a lesser degree 
than TPl. This agrees with the lower overall system volatile solids destruction and methane 
production for the TP system when feeding 60 percent OFMSW. The two phase system also 
had lower activity as the qm/Ks value decreased from 1.84 to 1.12 L/mg-h. This is consistent 
with the decrease in the specific methane production for 2P when feeding 60 percent 
OFMSW (see Table 3.3). The total decrease was less than that for the temperature-phased 
system as a whole, and the performance of the two phase system did not decrease as did the 
TP system in terms of PCOD and VS destruction. 
When the OFMSW was increased to 80 percent, the qm/Ks value for each 
methanogenic reactor increased. Nevertheless, the overall specific methane production 
decreased to 0.299 ±0.017 and 0.281 ±0.013 L/g VS fed for the TP and 2P systems, 
respectively. For the two phase system, there was a build up of TVA in 2P2 to a level of 717 
mg/L; therefore, methane was not produced in the reactor at a maximum rate. For the 
temperature-phased system, a majority of the gas was produced in the first stage when 
feeding 80 percent OFMSW, thus less TVA were fed to the second stage from the first stage, 
and the substrate level was not enough to produce methane at a maximum rate. 
Discussion 
This research demonstrated the effectiveness of both temperature-phased and two 
phase anaerobic digestion for the treatment of OFMSW slurried with PS at concentrations up 
to 5.2% TS. Specifically, hydrolysis rates and methanogenic rates were compared to 
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delineate similarities and dififerences between the two systems. Direct comparisons of the 
two systems for treating this type of waste had not been performed prior to this lesearch. The 
temperature-phased system outperformed the two phase system up to a 40:60 OFMSW:PS 
ratio in terms of volatile solids reduction and methane generation rates. When the 
OFMSW:PS ratios were 60:40 and 80:20, the differences between the two systems were less 
evident. 
The first stage of the temperature-phased system consistently showed higher 
hydrolysis rates than the first stage of the two phase system (see Table 3.5). As a result of 
the higher hydrolysis rate, the temperature-phased system outperformed the two phase 
system up to an OFMSW:PS ratio of40:60. At a ratio of 60:40, the methanogenic activity of 
TPl decreased as indicated by the lower qn/BCs value. When the methanogenic activity of the 
first stage of the temperature-phased system decreased, the overall destruction of organics 
decreased. The performance ofTP2 decreased as well. The TVA concentration of TP2 
reached levels of934 mg/L and the qm/Ks value decreased to 1.26 x 10*^ L/mg-h. Despite 
this, the overall performance of the temperature-phased system was only slightly lower than 
that of the two phase system. 
When the OFMSW:PS was increased to 80:20, the performances of the temperature-
phased and two phase systems were once again similar, and the VS removals were 71.6 ± 2.9 
and 69.3 ± 2.7%, respectively. The hydrolysis rates for TPl and 2P1 had increased as 
indicated by the VS removal in the first stages; however, the methane production decreased 
to 0.299 ± 0.017 and 0.281 ± 0.013 L/g VS fed for the TP and 2P systems, respectively. The 
qm/Ks value did increase for each reactor, but not to values as high as those observed when 
feeding 40:60 OFMSW:PS (see Table 3.8). 
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One of the cited advantages of the two phase system is the ability to optimize reaction 
conditions (e.g., hydrolysis, acidogenesis, and methanogenesis) in order to obtain maximum 
destruction of organics. This research, however, showed that hydrolysis coupled with 
methanogenesis enabled greater destruction of organics. The first stage of the temperature-
phased system achieved higher hydrolysis of particulate organic matter at all conditions 
tested than the first stage of the two phase system. In the first stage of the TP AD system, 
concomitant production of methane allowed for continued hydrolysis of incoming particulate 
organics. In the first stage of the 2P system, formation of methane did not occur. In this 
case, hydrolysis was limited by the build-up of hydrolysis intermediates that were not utilized 
for methane formation. Batch studies in ongoing research have shown that the first stage of a 
temperature-phased system had higher rates for cellulose hydrolysis than the first stage of a 
mesophilic two phase system (Shang, 1998). 
The importance of the second stage of temperature-phased anaerobic digestion was 
also demonstrated. The performance of the temperature-phased system decreased when the 
mesophilic stage showed a build-up of TV A. This occurred when the OFMSW was 
increased to 60:40. The second stage compensated for process fluctuations; however, the 
overall system performance decreased when the second stage began to operate at less than 
optimum levels. 
When OFMSW was first added to the feed, the second stages of both systems began 
to contribute to a higher degree to the overall VS destruction (see Table 3.5). As mentioned 
previously, a buildup of solids in the first stages was observed when OFMSW was first added 
to the feed. Consequently, when the sampling was performed over a three-day period, 
negative VS removal for 2P1 and negative TS removal for TP 1 at an OFMSW:PS ratio of 
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20:80 were observed. As the OFMSW was increased from 20 to 80 percent, the VS 
destruction in TP2 decreased from 38.3 to 25.9 percent As a consortia developed in TP 1 to 
maximize hydrolysis and concomitant methane production, the microbial population in the 
second stage did not have to work as hard. The opposite was true for the 2? system, as the 
VS destruction increased from 44.9 to 52.8 percent in 2P2. Although the hydrolysis rates did 
increase from 0.063 to 0.141 g PCOD/g VS d for 2P1 as the OFMSW was increased from 0 
to 60 percent, the increased PCOD load to the system resulted in 2P2 working harder to 
hydrolyze incoming particulate organics that were not hydrolyzed in 2P1. 
The specific methane production for each of the systems was comparable to previous 
research studying the anaerobic digestion of OFMSW and PS. Stenstrom and coworkers 
(1983) fed digesters with 80:20 classified MSW:PS at concentrations of 2.5 to 8.0% VS with 
HRTs of 15 to 30 days, and at 37®C, the methane jdeld ranged from 0.19 to 0.59 L/g VS fed, 
with the lowest methane yield observed at an HRT of 15 days. Kayhanian and 
Tchobanoglous (1993) operated a high solids digester feeding 25% TS at 55°C at detention 
times ranging from 15 to 30 days with methane yields of 0.35 to 0.55 L/g VS fed. In the 
research presented herein, the temperature-phased system had methane yields ranging from 
0.299 ± 0.017 to 0.418 ± 0.014 L/g VS fed, and the two phase system had methane yields 
ranging from 0.281 ± 0.013 to 0.332 ± 0.011 L/g VS fed. This research was the first 
demonstration of temperature-phased anaerobic treatment of municipal solid wastes and the 
first direct comparison with two phase anaerobic digestion. The temperature-phased system 
performs as well as or better than other types of systems that have been analyzed for the 
treatment of mimicipal solid wastes. Further research needs include treatment with an actual 
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OFMSW stream, treatment at higher solids feed concentrations, and optimization of the 
temperature-phased system for the maximimi destruction of particulate organic matter. 
Conclusions 
Conclusions of the research include the following; 
(1) Both temperature-phased and two phase systems were successMly used to treat the 
organic fraction of municipal solid waste and primary wastewater solids slurried at 
concentrations up to 5.2% TS with system HRTs of 15 days. 
(2) The temperature-phased system had specific hydrolysis rates ranging from 0.048 to 0.285 
g PCOD/g VS d. The two phase system had specific hydrolysis rates ranging from 0.063 
to 0.190 g PCOD/g VS d. 
(3) The temperature phased system had VS removals ranging form 47.5 ± 3.2% to 71.6 ± 
2.9%. The two phase system had VS removals ranging from 39.6 ± 3.8% to 69.3 ± 2.7%. 
(4) The maximum specific methane production was 0.418 ± 0.014 L/g VS fed for the 
temperature phased system and 0.332 ± 0.011 L/g VS fed for the two phase system. 
(5) Batch tests showed that each system had the highest qm/Ks value when the feed contained 
40 percent OFMSW. The highest qm/Ks value of 3.27 x 10"^ L/mg-h was observed for 
TP 1. The qm/Ks value for 2P2 was 1.84 x 10'^  L/mg h, and the qm/Ks value for TP2 was 
1.81 X 10*^ Umg-h when the feed contained 40 percent OFMSW. 
(6) When treating waste containing 0:100, 20:40, and 40:60 OFMSW:PS feed ratios, it was 
advantageous to maintain syntrophic relationships in the first stage of the TP system. 
(7) Although hydrolysis was always greater for the first stage of the temperature-phased 
system as compared to the first stage of the two phase system, the differences between 
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the overall performances were not as evident when treating substrate containing 60:40 
and 80:20 OFMSW:PS. 
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CHAPTER 4. STATE OF THE ART IN ANAEROBIC DIGESTION 
OF MUNICIPAL SOLID WASTE 
A p^r to be submitted to Advances in Environmental Research 
Kathryn Healy Schmit and Timothy G. Ellis 
Abstract 
The temperature-phased anaerobic digestion (TPAD) process was applied for the 
anaerobic digestion of the source separated biodegradable organic fraction of mimicipal solid 
waste (OFMSW). The TP AD process was used to co-digest OFMSW with primary 
wastewater solids (PS) at ratios of20:80,40:60,60:40, and 80:20 OFMSW:PS. The 
OFMSW/PS feed mixture was slurried at concentrations up to 5.2% TS. The TP AD process 
consisted of two completely mixed reactors operating in series. The first stage temperature 
was maintained at 55®C while the second stage temperature was maintained at 35°C. 
Successful treatment of wastewater residual solids has been accomplished using the TP AD 
process by previous researchers. However, this research was the first application of the 
TP AD process for treating a municipal solid waste stream. The purpose of this research was 
to compare the TP AD performance with the performance of other state of the art processes 
reported in the literature for the digestion of MSW. 
The TP AD system was also compared directly to conventional single stage 
mesophilic digestion (SS) and to two phase anaerobic digestion (2P). The two phase system 
was a staged slurry system as well. The first stage was operated at 55°C and the second stage 
was operated at 35°C. The difference between the TP AD and 2P system is that the first stage 
of the 2P system was operated as a hydrolysis/acidogenesis unit with a pH of 5.6. The TP AD 
first stage was operated as a methanogenic unit with a neutral pH. The volatile solids (VS) 
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load of each of the systems ranged from 2.3 to 2.6 g VS/L d. The SS system performance 
dropped below the TP AD and 2P systems when the OFMSWrPS ratios were 60:40 and 80:20 
due to a build-up of volatile acids. The TP AD system exhibited VS removals between 58.2 ± 
3.1 and 71.6 ± 2.9% and methane yields between 0.299 ± 0.017 and 0.418 ± 0.014 L/g VS 
fed at STP. The temperature-phased system performed comparably to other slurry processes 
reported in the literature with the exception that the TP AD process provides increased 
pathogen destruction due to the high temperature first stage. The TP AD system 
outperformed dry digestion processes. The 2P system exhibited VS removals between 48.6 ± 
3.3 and 69.3 ± 2.7% and methane yields between 0.281 ± 0.013 and 0.332 ± 0.011 L/g VS 
fed. The 2P performance was also better than dry digestion performance reported in the 
literature, although not to as great extent as the TP AD system. 
Introduction 
The anaerobic digestion of municipal solid waste (MSW) has been applied more 
widely on a full-scale basis in European countries than in the United States. While the 
United States has focused a great deal of energy and time on full-scale resource recovery and 
stabilization of wastewater residual solids, little has been done on a full-scale basis for the 
resource recovery and stabilization of MSW (Kayhanian and Rich, 1996). The trend toward 
decreasing use of landfills has led to the search for alternative methods, including biological 
processes. Figure 4.1 shows the preferred hierarchy of solid waste management. 
Biological treatment of MSW in the United States for the recovery of compost has 
largely been limited to aerobic composting practices. Regardless of this, many researchers 
concur that anaerobic solid waste conversion processes have several advantages over aerobic 
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Most Desirable 
• Source Reduction 
• Recycling/Reuse 
• Treatment - Recover energy (biogas) 
or material resources (nutrients) 
• Disposal-Landfill 
Least Desirable 
Figure 4.1. Preferred hierarchy of solid waste management 
composting processes. Some of these advantages include elimination of the need for 
aeration, production of energy in the form of methane gas, and possible reduction of odor 
potential. Aerobic processes have the potential for partial anaerobic conditions with a 
buildup of odorous intermediates; whereas, anaerobic digestion in a controlled environment 
would limit the buildup of odorous intermediates. Anaerobic degradation has been observed 
in existing landfills and several strategies have been implemented for the treatment of waste 
within the landfill itself (Pohland, 1997). The management of solid waste within a landfill 
has disadvantages. One of the main disadvantages is the increased potential for partial 
anaerobic/aerobic conditions, resulting in the production and build up of malodorous 
compounds. The same situation can occur in aerobic composting units. If anaerobic 
degradation occurs to completion, odor problems are decreased due to conversion of the 
malodorous compounds to methane and CO2. If energy recovery is employed, hydrogen 
sulfide in the gas stream is captured and converted to odorless sulfiir oxides. State of the art 
anaerobic digestion of OFMS W involves the conversion of organics to methane and carbon 
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dioxide in a controlled environment with minimal production of malodorous intermediates. 
This type of configuration is more desirable than using an existing landfill as a bioreactor 
because of the increased control of product formation and capture. This results in greater 
stabilization and volume reduction of the waste. Moreover, the final solid residue can be 
marketed as a compost-type product. Both aerobic and anaerobic OFMSW processes can 
produce a humus-like end product that can be used as a soil amendment. 
Anaerobic digestion of OFMSW has the potential for generating a medium BTU gas 
with an energy content ranging from 4800- 5800 kcal/m  ^(550- 650 BTU/ft^ , Stenstrom et. 
al, 1983). In order for anaerobic digestion systems to be economically feasible for the 
treatment of OFMSW, reactor systems must have a simple design, not require a great deal of 
energy input, and produce methane at high rates (Rivard et. al., 1989). Regardless of the 
type of system used for MSW treatment, preprocessing is critically important, and further 
research in this area will aid in greater efficiencies in biological degradation of MSW. In the 
future, MSW may be processed in a central conversion facility along with other types of 
wastes as shown in Figure 4.2 (Isaacson and Benson, 1991). 
Two main philosophies exist today for the anaerobic digestion of OFMSW. One 
method involves the treatment of low solids slurries, typically in the range of 4-12% total 
solids (Peres et. al, 1992; Biljetinae/. al, 1989; Hayes et. al, 1986; Isaacson et. al, 1988; 
Schmidell et al, 1986; Stenstrom et. al, 1983; Diaz and Trezek, 1977; Klein, 1972). Some 
of the disadvantages of lower solids slurry processes include the need to add water to the 
feed, the requirement for larger reactor volumes, and the need to dewater the final product. 
Dewaterabilities of effluents from OFMSW digestion, however, may be increased due to the 
fibrous nature of the residue as noted by Isaacson et. al (1988). The disadvantages of slurry 
71 
iPfpeOn* 
Central 
_ Conversion _ 
MSW ^ Wastewater 
Industrial Waste 
Crop Residues 
Figure 4.2. Community waste concept (Isaacson and Benson, 1991) 
processes have led to a new philosophy since the early 1990s. This second philosophy 
involves the use of anaerobic digestion systems that enable feeding of high solids wastes in 
the range of20- 40% total solids (Cecchi et. ai, 1997; Chynoweth et. ai, 1992; Oleszkiewicz 
and Poggi-Varaldo, 1997; Kayhanian and Rich, 1996; Sans et. ai, 1994; Kayhanian and 
Tchobanoglous, 1993; Peres et. ai, 1992; Six and DeBaere, 1992; Brummelere/. a/., 1992). 
These types of systems, also known as dry digestion, offer the benefit of operating at much 
higher organic loads, thus lowering volume requirements. Regardless of the advantages of 
dry digestion, operating at high total solids levels has exacerbated problems with inadequate 
mixing and material transport. Also, hydrolysis of the insoluble material may not occur at a 
maximum rate with lower moisture content in the reactor. 
The current trend is to improve reactor designs so that operation at high solids levels 
is achieved while minimizing mixing and transport problems. One such accomplishment is 
the use of batch-type staging (Chynoweth et. ai, 1992; Chyi, 1994; Brummeler et. ai, 1992). 
Moreover, innovative mixing designs adapted from the plastics industry have been 
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implemented in order to improve performance (Rivard et. ai, 1995a, 1995b, 1989). Co-
digestion with municipal wastewater solids has also improved performances of both slurry 
and dry anaerobic digestion of OFMS W. The TP AD system is a staged slurry process 
developed at Iowa State University by Dague and coworkers (Han and Dague, 1997a, 1997b; 
Thorberg, 1998; Vandenburgh, 1998) that has been used to treat wastewater residual solids. 
The purpose of this paper is to compare the TP AD process with other anaerobic processes for 
the degradation of municipal solid waste and primary wastewater solids. 
State of the art in anaerobic digestion of mnnicipal solid wastes 
Table 4.1 lists several processes utilized for the anaerobic digestion of various solid 
wastes. The processes reported herein represent a cross-section of the literature reported and 
is not intended to list every study that has been performed. NA in the table indicates that 
particular data were not available in the corresponding reference. The performances of both 
slurry and dry processes are reported as well as the performance of some staged processes. 
As can be seen in this table, dry digestion processes have been studied more widely than 
slvury processes since the early 1990s. 
Slurry processes have been applied for organic loading rates (OLR) ranging between 
2.9 and 12.0 g VS/L d for various types of solid substrates including OFMSW, PS, and water 
hyacinths. The feed solids levels in these systems ranged from approximately 3.6 to 12.0% 
total solids (TS). All of the slurry processes reported in Table 4.1 are single stage completely 
mixed reactor (CSTR) systems, and most have been studied at mesophilic temperatures with 
the exception of the REFCOM process operated at 58°C. The volatile solids (VS) reduction 
Table 4.1. Comparison of processes for the anaerobic digestion of municipal solid waste 
Process HRT* 
day 
Temp 
"C 
OLR" 
ft VS/L d 
TS' in feed 
% 
VS** removal 
% 
Methane yield 
L/g VS fed 
Staged Dry or 
Slurry 
Substrate Reference 
SOLCON 
Demonstration 18 34 3.4 7.8 NA' 0.25 no slurry 
PS, hyacinth, 
sorghum, and 
RDF-MSW 
Biljetina 
et. al„ 1989 
BIOCEL 
pilot 
30 35 7.0 35 NA NA yes 
batch 
dry Vegetable, 
fhiit, and yard 
waste 
Brummeler 
et, al„ 1992 
CSTR 
Pilot 
5.7-
11.7 
55 6.9-19.9 20-25 27-43 0.13-0.25 no dry fresh and 
precomposted 
OFMSW 
Cecchi 
et, al., 1997 
plug flow 
acidogenic 
pilot 
2-6 37 NA 25-30 NA NA NA dry OFMSW Sans et, al., 
1994 
batch 
SEBAC 
pilot 
21 
42 
55 6.4 
3.2 
NA 36.0 
49.7 
0.16 
0.19 
yes 
batch 
dry OFMSW Chynoweth 
et, al., 1992 
CSTR 
laboratory 
15 35 4.8 NA 78 0.39 no slurry OFMSW 
and PS 
Diaz and 
Trezek, 
1977 
SOLCON 
demonstration 
7-12 35 2.9-5 3.6-4.5 up to 70 0.28-0.49 no slurry water 
hyacinths 
and PS 
Hayes 
et. al., 1986 
* hydraulic retention time; ^ organic loading rate;" total solids; ** volatile solids;" not available 
Table 4.1 continued 
Process HRT 
day 
Temp 
°C 
OLR 
B VS/Ld 
TS in feed 
% 
VS removal 
% 
Methane yield 
L/g VS fed 
Staged Dry or 
Slurry 
Substrate Reference 
REFCOM 
lull 
6.4-
26.6 
58 3.0-8.7 4.5-10.3 42.6-75.1 0.17-0.34 no slurry OFMSW 
and PS 
Isaacson 
el. al., 1988 
Two stage 
anaerobic 
composting 
pilot 
25 55 6.5-8.0' 25-30 84® 0.73" yes 
anaerob-
aerobic 
dry OFMSW 
and PS 
Kayhanian 
and Rich, 
1996 
Two stage 
anaerobic 
composting 
pilot 
15 
30 
55 NA 23-30 948 
988 
0.17 
0.28 
yes 
anaerob-
aerobic 
dry OFMSW Kayhanian and 
Tchobanoglous 
1993 
CSTR 
pilot 
30 37 1.2-1.5 NA 66.8 0.24 no slurry OFMSW 
and PS 
Klein, 
1972 
CSTR 
pilot 
21 54 8.3' 30 50-60 0.30 no dry 
OFMSW, 
WAS, potato 
industry 
sludge 
Oleszkiewicz 
and 
Poggi-Varaldo, 
1997 
BIOMET 19-27 37-42 1.6-2.6 7-10 41-48 0.23-0.29 no slurry OFMSW 
and PS 
Peres et. al, 
1992 
^ g biodegradable VS/L d; ^  % biodegradable VS removal; ** L/g biodegradable VS fed;' g VS/kg digesting solids d 
Table 4,1 continued 
Process HRT 
day 
Temp 
°C 
OLR 
gVS/Ld 
TS in feed 
% 
VS removal 
% 
Methane yield 
L/gVSfed 
Staged Dry or 
Slurry 
Substrate Reference 
CSTR 
laboratory 
20 35 1.0-3.8 NA 56.3-58.7 0.21-0.23 no slurry OFMSW Peres et. al., 
1992 
VALORGA 15 35-37 12-15 35-40 45-50 0.23 no dry OFMSW Peres et. al., 
1992 
CSTR 
laboratory 
15 35 1.6-8.0 2.4-12 50-60 0.38-0.39 no slurry OFMSW 
and PS 
Schmidell 
et. al., 1986 
DRANCO 
demonstration 
18-21 55 10-13 32 55 0.16" no dry OFMSW Six and 
DeBaere, 
1992 
Cal Recovery 
pilot 
15-30 37 1.0-4.0 2.6-8.0 NA 0.26-0.33 no slurry OFMSW 
and PS 
Stenstrom 
et. al., 1983 
^L/gTSfed 
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and methane yields for the slurry processes reported in Table 4.1 range from 41 to 78% and 
0.17 to 0.49 L/g VS fed, respectively. 
Dry digestion processes have been operated at higher OLRs than slurry processes. 
Table 4.1 shows OLRs ranging from 3.2 to 20.0 g VS/L d for the dry digestion process with 
feed solids levels ranging from 20 to 40% TS for various solid substrates including OFMS W, 
PS, waste activated sludge (WAS), potato industry sludge, and vegetable, fruit, and yard 
(VFY) waste. In contrast to slurry processes, dry digestion systems have been studied more 
at thermophilic temperatures. The VS reduction for dry digestion ranged from 27 to 60%, as 
reported in Table 4.1. The methane yields for dry digestion ranged from 0.13 to 0.30 L/g VS 
fed, shown in Table 4.1 as well. Kayhanian and coworkers (1996,1993) have reported 
results based on biodegradable volatile solids. While this approach may be considered 
useful, other researchers do not report data in this maimer, and direct comparisons are 
difficult to obtain. Kayhanian and colleagues (1996, 1993) reported biodegradable volatile 
solids destruction between 84 and 98% for the two stage anaerobic-aerobic dry digestion 
system and a maximum methane yield of 0.73 L/g biodegradable VS fed. 
Temperature-phased anaerobic digestion of municipal solid waste 
Relatively few staged slurry processes for the treatment of OFMSW have been 
reported in the literature. The temperature-phased process (TPAD), developed at Iowa State 
University by Dague and coworkers, is a staged process involving a first stage thermophilic 
reactor followed by a second stage mesophilic reactor (Han and Dague, 1997a, 1997b). Both 
stages produce methane at appreciable rates. This type of configuration allows for higher 
loading rates and shorter retention times than those observed in the conventional anaerobic 
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digestion of municipal wastewater solids (Han and Dague, 1997a, 1997b). The thermophilic 
first stage works to hydrolyze organics with concomitant production of methane at a faster 
rate becaiise of the higher temperature. This allows higher loading rates and is advantageous 
for treating municipal solid waste because of increased hydrolysis rates. Moreover, the 
higher temperature in the first stage of the TP AD system allows for increased pathogen 
removal as compared to mesophilic slurry systems. While this was not the focus of this 
research, it has been widely reported that thermophilic temperatures have increased pathogen 
removal. The TP AD process has been shown to meet pathogen reduction requirements for 
the production of Class A Biosolids (40 CFR, Part 503), the least regulated beneficial use 
classification (Han and Dague, 1997a, 1997b; Thorberg, 1998; Vandenburgh, 1998). 
Because of the advantages of the TP AD system, several fixll scale processes have been 
implemented for the use of TP AD for the treatment of wastewater residual solids (Vik and 
Olsen, 1997; Streeter, 1996; Sung, 1998). 
Comparing dry digestion and slurry processes, it is evident that slurry processes have 
shown both higher VS destruction and methane yields as compared to dry digestion systems. 
This might be expected since slurry processes generally provide better mixing and greater 
contact between the substrate and microbes. For this reason alone, it may be advantageous to 
operate a slurry system for MSW treatment. The TP AD system is a slurry process that holds 
promise for treating OFMSW. In contrast to previously researched slurry systems for the 
treatment of OFMSW, the TP AD is a staged process that can be run at higher organic loading 
rates and can achieve greater organic destruction with concomitant methane production. A 
schematic of the TP AD system used in this research is shown in Figure 4.3. The hydraulic 
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CH4 
OFMSW-F 
Substrate 
Digested effluent 
55°C 35°C 
HRT5d 
pH 6.8 
HRT 10 d 
pH7.3 
Figure 4.3. Schematic of TP AD laboratory-scale system 
retention time (HRT) was 15 days with a 5-day HRT in the first stage and a 10-day HRT in 
the second stage. 
The feed consisted of synthetic OFMSW blended with PS at ratios of 20:40,40:60, 
60:40, and 80:20 (weight:weight, TS basis). The synthetic OFMSW contained (by weight) 
50% ofBce paper, 10% newspaper, 26% grass clippings, and 14% dry dog food. The feed TS 
concentration ranged from 4.3 to 5.2% TS with OLRs ranging from 2.2 to 2.6 g VS/L d. 
These organic loads were on the lower end of the range reported for slurry processes in Table 
4.1; however, higher organic loading rates are possible. The performance of the TP AD 
system is shown in Table 4.2 for OFMSW:PS ratios ranging from 20:80 to 80:20. The VS 
removal of the system was between 58.2 ±3.1 and 71.6 ± 2.9%, while the methane yield was 
between 0.299 ± 0.017 and 0.418 ± 0.014 L/g VS fed. The average total volatile acid (TVA) 
concentration in the effluent of the TP AD system was less than 200 mg/L for OFMSW:PS 
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Table 4.2. Summary of TP AD laboratory-scale results 
Percent OFMSW 
Parameter 20 40 60 80 
OLR,gVS/L-d 2.3 2.4 2.4 2.6 
TSinfeed±sdom",% 4.65 ±0.13 4.38 ±0.07 4.33 ±0.11 5.16 ±0.13 
VSinfeed±sdom",% 3.52 ±0.08 3.61 ±0.06 3.55 ±0.09 3.94 ±0.07 
TVA in effluent ± sdom', 
mg/L as acetic acid 167 ± 64 170 ±32 934 ±507 166 ±27 
VS removal ± sdom", % 58.2 ±3.1 69.8 ±3.0 65.1 ±4.4 71.6 ±4.4 
Methane Yield ± sdom', 0.377 ±0.011 0.418 ±0.014 0.335 ±0.018 0.299 ±0.017 
L/g VS fed at STP 
® standard deviation of the mean 
ratios of20:40,40:60, and 80:20; therefore, odor problems from intermediates was not a 
problem in the effluent. When the OFMSW:PS ratio was 60:40, a build-up of TVA was 
observed in the second stage; however, the system recovered and the average TVA 
concentration decreased to 166 mg/L when the OFMSW:PS ratio was 80:20. The low 
volatile acids observed in the effluent of the TP AD system gives further evidence of the 
advantages of anaerobic digestion of MSW occurring under controlled conditions, rather than 
in a landfill. The performance of the TP AD system was comparable to performance of other 
slurry processes reported in the literature and was higher than the performance reported for 
dry digestion processes (see Table 4.1). The best performance for the TP AD system was 
observed when the OFMSW:PS ratio was 40:60. The VS removal was 69.8 ± 3.0% and the 
methane yield was 0.418 ± 0.014 L/g VS fed. Diaz and Trezek (1977) incrementally 
increased OFMSW:PS ratio from 20:80 to 100:0 and found the best overall performance at 
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80:20 OI^SW:PS for a single stage laboratory-scale mesophilic digester. These results are 
shown in Table 4.1. In addition, Diaz and Trezek (1977) showed that the solids destruction 
was found to generally increase as the OFMSW fraction was increased. Cecchi et. al. (1988) 
observed the same trend when increasing OFMSW:PS from 0:100 to 100:0 for a single stage 
mesophilic pilot scale dry digestion process. A general increase in solids destruction for the 
TP AD system as the OFMSW:PS ratio was increased was observed as well, with the 
exception of the decrease when the OFMSW:PS ratio was increased from 40:60 to 60:40. 
Schmidell et. al (1986) reported that only a 95:5 proportion of OFMSW:PS is necessary for 
sufGcient anaerobic degradation of OFMSW; however, experiments were performed with an 
OFMSW:PS ratio of 80:20 as shown in Table 4.1. For the TP AD system, the VS destruction 
increased from 58.2 ± 3.1 to 69.8 ± 3.0% as the OFMSW:PS ratio increased from 20:80 to 
40:60. When the OFMSW:PS ratio was increased to 60:40, the VS removal decreased to 
65.1 ± 4.4%. As the OFMSW:PS was increased to 80:20, the VS removal increased to 71.6 
± 4.4%. At these conditions, however, the system was more difiScult to operate and scum 
formation was observed. At 80:20, the methane yield decreased from 0.335 ±0.018 to 0.299 
±0.017 L/g VS fed, even though the VS removal had increased. The decrease in methane 
yield and apparent increase in volatile solids removal may have been due to entrapment of 
solids in the sciun layer. 
In order to further establish the advantages of the TP AD system, direct comparisons 
were made to conventional mesophilic single stage and two phase anaerobic digestion. A 
schematic of the two phase system used in this research is shown in Figure 4.4. The single 
stage process was operated at 35°C. For OFMSW:PS ratios of20:80 and 40:60, the 
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Substrate I 
' I 
Digested effluent 
55°C 
HRT3d 
pH5.6 
35°C 
HRT 12 d 
pH 7.1 
Figure 4.4. Schematic of 2P laboratory-scale system 
temperature-phased system performed better than both the single-stage and two phase 
systems. The VS reductions were 58.2 ±3.1,55.7 ± 2.8, and 48.6 ± 3.3%, and the methane 
yields were 0.377 ± 0.011, 0.361 ± 0.013, and 0.331 ± 0.013 L/g VS fed at an OFMSW.PS 
ratio of 20:80 for the TP AD, SS, and 2P systems, respectively. The VS reductions were 69.8 
± 3.0, 63.4 ± 3.5, and 59.3 ± 3.2%, and the methane yields were 0.418 ± 0.014, 0.358 ± 
0.012, and 0.332 ± 0.011 L/g VS fed at an OFMSW:PS ratio of40:60 for the TP AD, SS, and 
2P systems, respectively. When the OFMSW:PS ratio was increased to 60:40 and 80:20, the 
performance of the single stage system dropped below that of the TP AD and 2P systems. 
This drop was characterized by a build-up of TVA in the SS system to 701 mg/L as acetic 
acid. The difference in the performance of the TP AD and 2P systems was not as 
evident when the OFMSW:PS ratios were 60:40 and 80:20. The 2P system had VS 
destructions of 65.1 ±4.4 and 69.3 ±2.7 and methane yields ofO.312 ±0.019 and 0.281 ± 
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0.013 L/g VS fed when the OFMSWrPS ratios were 60:40 and 80:20, respectively. Overall, 
the 2P system also performed within the range of other slurry processes and better than dry 
digestion processes. 
Conclusions 
The anaerobic degradation of OFMSW can be performed using both slurry processes 
(4-12% TS) and dry digestion processes (20-40% TS). Dry digestion offers the advantage of 
operating at higher rates with smaller voliraie requirements, while slurry processes such as 
the TP AD system offer the advantage of improved mixing and substrate transport. The 
improved substrate-microorganism contact of the slurry processes show increased organic 
removal and methane yields as compared to dry digestion. The temperature-phased process 
was operated at an HRT of 15 days, with OLRs ranging from 2.3 to 2.6 g VS/L d at feed 
solids concentrations up to 5.2% TS. At these conditions, the TP AD system had VS 
removals ranging from 58.2 ±3.1 to 71.6 ± 2.9% and methane yields ranging from 0.299 ± 
0.017 to 0.418 ± 0.014 L/ g VS fed. The best performance for the TP AD process was 
observed with an OFMSW:PS feed ratio of40:60 when the methane yield was 0.418 ± 0.014 
L/g VS fed and the VS removal was 69.8%. This is significant in terms of volume reduction 
and energy recovery. The TP AD also has increased pathogen destruction as compared to 
mesophilic single stage slurry processes. 
The TP AD system was compared directly to both single stage and two phase systems. 
These systems were operated with the same substrate at the same organic loading rate and 
system HRT as the TP AD system. The TP AD outperformed the SS system at all conditions 
and outperformed the 2P system up to an OFMSW:PS ratio of40:60. When the OFMSW:PS 
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ratios were 60:40 and 80:20, the difference in performance between the TP AD and 2P 
systems was not as apparent 
The TP AD process is a staged slurry process that holds promise for treatment at even 
higher feed solids levels than those researched here. Further research might include testing 
the system at solids levels greater than 5.2% TS, up to 12.0% TS. With a feed solids 
concentration up to 5.2% TS, the TP AD system exhibited performance superior to that of dry 
digestion systems and comparable to that of other slurry systems with the added advantage of 
pathogen destruction in the first stage. The TP AD system also offers advantages over 
anaerobic degradation in landfills, including lower odor potential and increased biogas 
capture due to more controlled conditions. Temperature-phased anaerobic digestion 
represents a sustainable alternative to current solid waste management practices. 
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CHAPTER 5. ENGINEERING SIGNIFICANCE 
Today in tlie United States, the majority of municipal solid waste is disposed of in 
landfills. This management strategy has become less attractive in recent years, and several 
researchers have investigated alternative methods. The recovery of energy in the form of 
methane and nutrients in the form of a compost-like material is possible using anaerobic 
processes. European countries have been more open to these types of processes for MSW 
management, but the United States still has a long way to go before this type of system can 
be applied on a full-scale basis. The possibility of applying anaerobic digestion widely for 
the treatment of mimicipal solid waste depends on future research and development of the 
technology for treating heterogeneous wastes with high solids content and on a change in 
public opinion of landfill management practices. A shift in management strategy will not 
take place as long as the public continues to accept landfill disposal of mimicipal solid waste. 
Public opinion is the driving force for changing environmental management practices, and as 
we approach the next millenium, the need for alternative methods of energy production as 
well as waste disposal may encourage the widespread use of more sustainable types of 
processes. 
In the United States today, full-scale anaerobic treatment of municipal solid waste on 
a widespread basis is not yet a feasible alternative. Landfilling is the most widely used 
practice for the management of MSW, followed by combustion in waste-to-energy facilities. 
The cost of landfilling has remained relatively inexpensive as compared to other methods. 
Combustion-type waste-to-energy processes do produce energy; however, a great deal of 
energy input is required to run these types of facilities. Moreover, combustion processes are 
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sources of air pollution and produce residues that must be landfiUed. Biological treatment is 
a more sustainable tjqpe of system because recovery of nutrients can occur by utilizing the 
compost-like residue as a land amendment. Both aerobic and anaerobic processes offer the 
potential use of the residue as a nutrient source. Anaerobic processes also offer energy 
production in the form of methane. The biogas produced typically has a medium energy 
content ranging from 4800 to 5800 kcal/m^ (550-650 BTU/tf, Stenstrom et. ai, 1983). 
Pre-processing is also a factor to consider for the biological treatment of municipal 
solid wastes. This not only involves in-plant shredding and milling operations, but also the 
cooperation of the public in waste reduction and recycling efforts. Source reduction can 
include such practices as home composting, buying reusable-type containers, and basic 
conunon sense. Full-scale recycling and composting are considered to be recovery 
processes. Figure 5.1 shows the different alternatives for municipal solid waste management 
(Haith, 1998). The dashed lines in this figure represent productive outputs, and anaerobic 
recovery processes have the capability of two productive outputs. 
Another driving force that will cause the search for alternatives is decreasing 
availability of landfill space. This has historically been a larger problem in Europe. Due to 
the opening of new landfill sites and incinerators and increased recycling programs, states 
have actually increased landfill capacity in the past ten years. In 1995, Massachusetts and 
New Jersey were the only two states reported to have less than 5 years of landfill capacity 
available. Ten other states, including Hawaii, Illinois, Louisiana, Maryland, Mississippi, 
Missouri, New York, Ohio, Rhode Island, and Vermont were reported to have between 5 and 
10 years of landfill capacity available in a 1995 report (Repa and Blakey, 1996). A majority 
of the states had greater than 10 years of landfill capacity available at the time of the report. 
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Figure 5.1. Alternatives for the management of solid waste (Haith, 1998) 
Despite this, environmental awareness has increased the attractiveness of using alternative 
methods. Landfilling is still the most cost effective strategy, but anaerobic digestion of 
municipal solid waste can extend the life of existing landfills, allow resource conservation 
(nutrients) and recovery (biogas), and minimize potential environmental damage caused by 
migration of wastes in gas and liquid from landfills. 
87 
This research was the first investigation of the anaerobic digestion of MSW using the 
temperature-phased process. The TP AD system had a maximum capability of producing 700 
m^ of biogas (60% methane) per metric ton of volatile solid added when the feed consisted of 
40 percent OFMSW and 60 percent primary wastewater solids. For a 400-tpd facility (based 
on volatile solids), this corresponds to a total biogas production rate of280,000 m^ of biogas 
per day. Assuming medium energy content of the biogas (5300 kcal/m^), this corresponds to 
1484 X 10^ kcal/d of thermal energy production. If the thermal energy of one barrel of oil is 
assumed to be 6.218 x 10^ MJ (Kayhanian and Rich, 1996), this corresponds to 365,000 
barrels of oil per year (4.184 J = 1 cal), a substantial energy recovery. 
The best case scenario for an OFMSW processing facility is to have a location near a 
wastewater treatment facility. The wastewater residual solids could then be combined with 
the source-separated organic firaction of MSW and treated in a controlled anaerobic digestion 
process such as the TP AD system or a high solids system. The recovered energy could be 
used to run the wastewater treatment facility or could be sold to a nearby industry. The 
residue firom a slurry digestion process such as the TP AD system would require dewatering 
before potential marketing as a compost product. A high solids process would not require 
extensive dewatering; however, operation and maintenance costs may be higher due to solids 
handling and transport problems. 
The TP AD system was compared to both single stage and two phase processes. This 
research was the first direct comparison between the two phase and temperature-phased 
processes. The TP AD and two phase processes investigated in this research were shown to 
be viable alternatives for resource recovery firom the organic fiaction of mimicipal solid 
waste. The single stage system performed well up to an OFMSWrPS ratio of40:60; 
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however, at OFMSW fractions of60:40 and 80:20, performance decreased. Moreover, the 
single stage process does not offer the advantage of pathogen destruction since it was 
operated at 35°C. The laboratory-scale studies showed that the TP AD process produced 
methane at rates ranging from 0.30 to 0.42 L/g VS fed and VS destructions ranging from 
47.5 to 71.6%. This is very significant in terms of volume reduction of the waste and 
resource recovery in the form of methane. The ranges reported herein for the TP AD process 
were within the range of other slurry processes used to treat MSW streams and above the 
range for dry solids systems used to treat MSW. The 2P process produced methane at rates 
ranging from 0.28 to 0.33 L/g VS fed and had VS destructions ranging from 39.6 to 69.3%. 
This was still in the range of performance of other slurry systems, and the 2P system also 
performed better than dry digestion, although not to as great extent as the TP AD system. The 
performance of the TP AD system was greater than the 2P system at OFMSW:PS ratios up to 
40:60. For OFMSW:PS ratios of60:40 and 80:20, the difference in performance between the 
TP AD and 2P systems was not as evident. 
Scientists and engineers build on the knowledge and work of other scientists and 
engineers; therefore, recommendations are very important when concluding a research 
project. Further investigation of the TP AD process for the treatment of MSW and primary 
wastewater solids should include both flmdamental and practical principles. From a 
ftindamental standpoint, there are several aspects of the TP AD system that could be 
investigated further. Hydrolysis in the first stage of the TP AD system was shown to be 
higher than the two phase system at all conditions. In the first stage of the TP AD system, 
concomitant production of methane allowed for continual hydrolysis of incoming insoluble 
organics. In the first stage of the 2P system, the reaction was stopped at hydrolysis and 
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formatioii of methane did not occur. In this case, hydrolysis was limited by the build-up of 
hydrolysis intermediates without concomitant production of methane. Moreover, batch 
analysis of the hydrolysis of particulate organic destruction would give valuable information 
regarding process flmdamentals. The limitation in kinetic analysis of this type of system is 
the di£6ciilty in separating active microbial mass from substrate mass. This is especially 
difBcult when analyzing suspended growth systems treating highly insoluble and 
heterogeneous wastes. Current methods for the direct measurements of cellulose, lignin, and 
hemicellulose are not accurate for the type of system used in this research because of the 
nature of the waste. Surrogate parameters such as particulate chemical oxygen demand and 
volatile solids concentrations were used in this research to represent hydrolysis rates. 
Development of improved analytical methods for measurement of cellulose, hemicelliilose, 
and lignin would allow a more accurate kinetic analysis. 
Specific methanogenic production from the operating systems gave a more clear 
description of methanogenesis than did the batch respirometric studies. True kinetic data was 
difficult to obtain from the batch respirometer tests, and this again was related to the 
difficulty in separating active microbial mass from substrate mass. Initial investigations 
using inocula from the systems used in this project have shown that there is more than likely 
a carryover of thermophiles from the first stage to the second stage of the TP AD system 
(Jocumsen, 1998). More research in this area would give a better understanding of staged 
systems such as the TP AD process. 
From a practical standpoint, design parameters could be obtained by optimization of 
a laboratory-scale TP AD system; however, operation of a lab-scale system limits capacity, 
especially when dealing with heterogeneous wastes like MSW. The TP AD system in this 
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research was operated with solids levels up to 5.2% TS; however, a pilot-scale system would 
allow the treatment of total solids concentrations in the upper range of slurry-type systems 
(up to 10-12% TS). Lab-scale systems have lower flow rates, thus pumping capacity is 
limited when working with slurries having greater than 5.2% TS concentration. This 
research investigated the digestion of PS combined with a synthetic OFMSW. The next step 
might be to design a pilot study that uses a real OFMSW waste stream as a co-substrate with 
PS. In this research, the minimum HRT possible for the first stage was 5 days. The second 
stage had an HRT of 10 days. The best performance was observed when the OMFSWrPS 
ratio was 40:60; however, with improvements in process design, the optimum performance 
may be at higher OFMSWrPS ratios and higher solids concentrations. 
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CHAPTER 6. GENERAL CONCLUSIONS 
Successful treatment of the organic fraction of mimicipal solid waste and primary 
wastewater solids was performed using the temperature-phased process. The temperature-
phased (TPAD) process was compared to a single stage mesophilic process (SS) and a two-
phase process (2P) for the co-digestion of OFMSW and PS. The project involved increasing 
the OFMSW:PS ratio from 0:100 to 80:20 (weight:weight, TS basis) and comparing the 
performance of each of the three systems. The main purpose of the research was to 
characterize the temperature-phased system for treatment of solid waste. 
The temperature-phased system is a staged anaerobic process with a thermophilic first 
stage operated at 55°C followed in series by a mesophilic second stage operated at 35°C. In 
laboratory research, this type of configuration enabled increased hydrolysis rates with 
concomitant methane production in the first stage, allowing for superior performance for 
treating solid waste. The 2P system was also a staged system with a thermophilic (55°C) 
first stage and mesophilic (35°C) second stage. The main difference between the TP AD and 
2P system was that the first stage of the 2P system was operated as a hydrolysis/acidogenic 
unit with a pH of 5.6 that suppressed methane production. In contrast, the first stage of the 
TP AD system produced up to 69% of the total methane production, and thus served as a high 
rate hydrolysis imit coupled with methane production. The SS system was a single 
mesophilic reactor operated at 35®C. Each system was operated initially at 13-day HRT 
when feeding PS alone. When OFMSW was added to the feed stream, the HRT of each 
system was increased to 15 days. The organic loading rate for the systems varied from 1.7 g 
VS/L d to 2.6 g VS/L d, with a feed TS concentration up to 5.2% TS. 
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Three papers were written to characterize the TP AD system. The first paper (Chapter 
2) described the TP AD system as compared to both the 2P and SS systems. This paper was a 
general introduction to the concept of using the TP AD process for the co-digestion of 
OFMSW and PS. The comparison between each of the three systems was made based on 
reactor performance. These results were presented in part at the 1998 ASCE Environmental 
Engineering/Water Resources Conference held in Chicago, Qlinois. The paper will be 
submitted to the ASCE Journal of Environmental Engineering. 
The second paper (Chapter 3) involved a more in depth look at the similarities and 
differences between the TP AD and 2P systems. Hydrolysis was considered to be the rate-
limiting step in the anaerobic degradation of the OFMSW/PS slurry. The next rate-limiting 
step after hydrolysis was assimied to be methanogenesis. Hydrolysis rates were computed 
for each of the first stages using particulate COD as the measure for particulate organic 
matter. Methanogenesis was characterized by comparing specific methane production for 
each of the systems and by determining acetoclastic methanogenic first-order rate 
coefBcients (qm/BCs) using batch tests with inoculum firom the operating TP AD and 2P 
systems. These results were presented at the annual conference of the Water Environment 
Federation (WEFTEC'98) in Orlando, Florida. This paper will be submitted to Water 
Environment Research. 
The third paper (Chapter 4) compared the TP AD process with other state of the art 
processes used for the anaerobic degradation of municipal solid wastes. Anaerobic 
degradation of MSW has been studied mainly using slurry (4-12% TS) and dry digestion (20-
40% TS) processes. Relatively few staged processes have been studied for the co-digestion 
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of OFMSW and PS. The TP AD system is a staged slurry process, and this research 
represents the first investigation of OFMSW-PS co-digestion using this process. 
The following general conclusions were made based on the results of this research as 
reported in Chapters 2,3, and 4: 
(1) Performance of the temperature-phased system was superior to both the two 
phase and single stage systems when the feed consisted of OFMSWrPS at ratios 
of0:100,20:40, and 40:60. When the OFMSW:PS ratios were increased to 60:40 
and 80:20, the single stage system performance dropped to below that of both the 
temperature-phased and two phase systems based on methane production. This 
drop in performance was characterized by a build-up of total volatile acids in the 
SS system. When the OFMSW:PS ratio was 60:40 and 80:20, the TP AD and 2P 
processes had similar system performances. 
(2) The TP AD system performed best when the OFMSW:PS ratio was 40:60. At 
these conditions, the VS removal was 69.8 ± 3.3% and the specific methane 
production was 0.418 ± 0.014 L/g VS fed. The 2P system had relatively constant 
methane production rates of 0.331 ± 0.013,0.332 ± 0.011, and 0.312 ± 0.019 L/g 
VS fed for OFMSW:PS ratios of20:80,40:60, and 60:40. The two phase system 
had a VS removal of 65.1 ± 4.4% at 60:40 OFMSW:PS. The SS system 
performed best when the OFMSW:PS ratio was 40:60 resulting in a VS removal 
of 64.0 ± 7.1% and specific methane production of 0.358 ± 0.012 L/g VS fed. 
(3) The total volatile acids in the first stage of the TP AD system ranged firom 529 to 
3860 mg/L (as acetic acid). The total volatile acid concentrations of the first 
stage of the 2P system ranged from 3280 to 5660 mg/L (as acetic acid). The high 
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volatile acids in the first stages of these systems were due to hydrolysis of the 
incoming organic material. Concomitant methane production in the first stage of 
the TP AD system led to superior performance when the OFMSWrPS ratios were 
0:100, 20:80, and 40:60. 
(4) The temperature-phased system had specific hydrolysis rates ranging from 0.048 
to 0.285 g PCOD/L-d, and the two phase system had specific hydrolysis rates 
ranging fixim 0.063 to 0.190 g/L-d. Hydrolysis was always greater in the first 
stage of the TP AD system than in the first stage of the 2P system. Hydrolysis 
coupled with methane production in the first stage of the TP AD system allowed 
the hydrolysis reactions to proceed fiirther toward product formation, causing 
increased solubilization of incoming particulate organic matter. 
(5) Although hydrolysis was always greater for the first stage of the TP AD system as 
compared to the first stage of the 2P system, the differences between the overall 
performances were not as evident when treating substrate with 60:40 and 80:20 
OFMSW:PS. The methane yields for the TP AD and 2P systems at 60:40 
conditions were 0.335 ± 0.018 and 0.312 ± 0.019 L/g VS fed, respectively. The 
VS removal for both at 60:40 conditions was 65.1 ± 4.4%. When the 
OFMSW:PS ratio was increased to 80:20, the methane yields were 0.299 ±0.017 
and 0.281 ±0.013 L/g VS fed for the TP AD and 2P systems, respectively. 
(6) Batch tests showed that the highest methanogenic activity occurred for each 
system when the OFMSW:PS ratio was 40:60. The first-order rate coefficients 
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(qm/Ka) at these conditions were 3.27 x 10"', 1.84 x 10'^ , and 1.81 x 10"^ L/mg-h 
for TPl, 2P2, and TP2, respectively. 
(7) The TP AD system performed comparably to other slurry processes for the 
treatment of mimicipal solid waste and better than dry processes reported in the 
literature. The TP AD system had methane yields ranging from 0.299 ±0.017 to 
0.418 ± 0.014 L/g VS fed and VS removals ranging from 58.2 ± 3.1 to 71.6 ± 
2.9%. The 2P system also performed comparably to slurry processes and better 
than dry digestion systems, although not to as great extent as the TP AD system. 
The 2P process produced methane at rates ranging from 0.281 ±0.013 to 0.332 ± 
0.011 L/g VS fed and had VS destructions ranging from 48.6 ± 3.3 to 69.3 ± 
2.7%. This research has demonstrated that the use of staged systems is 
significant in terms of volume reduction and energy recovery in the form of 
biogas. 
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Table A1 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS System 
7/14/97 1.148 0.275 1.42 0.251 0.009 0.260 0.712 
7/15/97 0.829 — — 0.032 0.026 0.058 0.943 
7/16/97 0.610 — — 0.015 0.017 0.032 0.833 
7/17/97 0.665 0.277 0.942 0.010 0.280 0.290 0.631 
7/18/97 0.637 0.247 0.884 0.026 0-391 0.417 0.594 
7/19/97 0.621 0.421 1.04 0.023 0.472 0.495 0.489 
7/20/97 0.530 0.025 0.556 0.021 0.741 0.762 0.523 
7/21/97 0.599 0.415 1.01 0.016 0.614 0.629 0.866 
7/22/97 0.637 0.267 0.904 0.015 0.766 0.781 0.768 
7/23/97 0.708 0.070 0.778 0.039 0.758 0.796 0.941 
7/24/97 0.641 0.197 0.838 0.025 0.766 0.791 0.770 
7/25/97 0.805 0.224 1.03 0.037 0.707 0.744 0.643 
7/26/97 0.345 0.038 0.383 0.041 0.227 0.268 0.516 
7/27/97 0.498 0.369 0.866 0.041 0.322 0.363 0.624 
7/28/97 0.573 0.456 1.03 0.045 0.089 0.135 0.480 
7/29/97 0.366 0.081 0.447 0.033 0.165 0.198 0.645 
7/30/97 0.314 0.262 0.576 0.025 — — 0.990 
7/31/97 0.431 0.444 0.875 0.050 — — 1.32 
8/1/97 0.325 0.500 0.825 0.048 — — 0.850 
8/2/97 0.462 0.434 0.896 0.044 — — 0.887 
8/3/97 0.314 0.451 0.765 0.048 — — 0.813 
8/4/97 0.344 0.464 0.809 0.049 — — 1.09 
8/5/97 0.309 0.533 0.842 0.057 0.721 0.778 1.00 
8/6/97 0.326 0.540 0.866 0.047 0.879 0.927 1.13 
8/7/97 0.254 0.635 0.889 0.056 0.758 0.813 1.19 
8/8/97 0.142 0.535 0.677 0.048 0.510 0.558 0.895 
8/9/97 0.171 0.804 0.975 0.045 0.320 0.364 0.857 
8/10/97 0.191 0.787 0.978 0.049 — — 0.962 
8/11/97 0.141 0.357 0.498 0.050 0.789 0.840 0.886 
8/12/97 0.212 0.511 0.723 0.054 0.835 0.889 0.766 
8/13/97 0.244 0.749 0.993 0.053 0.816 0.869 0.556 
8/14/97 0.325 0.652 0.977 0.054 1.070 1.12 0.396 
8/15/97 0.352 0.390 0.742 0.059 0.664 0.724 0.736 
8/16/97 0.303 0.555 0.858 0.112 0.854 0.966 1.35 
8/17/97 0.113 0.636 0.749 0.057 0.582 0.639 1.48 
8/18/97 0.139 0.696 0.835 0.005 0.787 0.792 1.56 
8/19/97 0.081 0.891 0.972 0.043 0.908 0.951 1.88 
8/20/97 0.033 0.625 0.658 0.031 — — 1.84 
8/21/97 0.070 1.18 1.25 0.032 — — 1.45 
8/22/97 0.087 0.712 0.798 0.036 1.07 1.11 1.00 
8/23/97 0.119 0.782 0.902 0.042 0.874 0.915 1.17 
8/24/97 0.149 0.676 0.825 0.043 0.819 0.861 1.36 
8/25/97 0.111 0.857 0.968 0.046 0.815 0.862 1.14 
8/26/97 0.060 0.854 0.914 0.041 — — 0.871 
8/27/97 0.043 0.415 0.458 0.041 0.594 0.635 0.398 
8/28/97 0.111 0.798 0.910 0.040 0.559 0.599 0.482 
8/29/97 0.051 1.25 1.30 0.071 1.10 1.17 0.606 
8/30/97 0.051 0.952 1.00 0.046 0.571 0.617 0.742 
Table A1 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS System 
8/31/97 0.043 0.731 0.774 0.051 0.594 0.646 0.234 
9/1/97 0.050 0.646 0.696 0.040 0.561 0.600 0.083 
9/2/97 0.012 0.651 0.664 0.053 0.468 0.520 0.041 
9/3/97 0.176 0.546 0.722 — 0.315 — 0.079 
9/4/97 0.047 0.383 0.430 0.118 0.086 0.204 0.150 
9/5/97 0.153 0.414 0.567 0.109 — 0.658 
9/6/97 0.124 0.907 1.03 0.021 0.228 0.249 0.740 
mi97 0.136 0.761 0.897 0.065 — — 0.718 
9/8/97 0.241 0.166 0.407 0.017 — — 0.668 
9/9/97 0.276 0.895 1.17 0.023 1.06 1.09 0.721 
9/10/97 0.185 0.924 1.11 0.034 0.800 0.834 0.948 
9/11/97 0.244 0.496 0.740 0.044 0.638 0.682 0.955 
9/12/97 0.144 0.659 0.802 0.046 0.641 0.687 0.927 
9/13/97 0.149 1.04 1.19 0.013 1.40 1.41 0.995 
9/14/97 0.065 0.629 0.694 0.004 0.607 0.611 0.620 
9/15/97 0.086 1.54 1.62 0.065 1.48 1.55 2.86 
9/16/97 0.150 0.808 0.959 0.038 1.03 1.07 1.54 
9/17/97 0.247 0.806 1.05 0.030 0.995 1.02 1.05 
9/18/97 0.170 1.13 1.30 0.043 1.28 1.32 1.19 
9/19/97 0.143 0.894 1.04 0.052 1.11 1.16 0.996 
9/20/97 0.207 0.760 0.966 0.047 0.890 0.937 1.02 
9/21/97 0.206 1.13 1.33 0.049 1.03 1.08 1.64 
9122/97 0.086 0.776 0.862 0.062 0.664 0.726 1.54 
9/23/97 0.014 1.28 1.30 0.030 0.748 0.779 1.27 
9/24/97 0.061 1.03 1.09 0.046 0.157 0.202 1.06 
9125/97 0.149 1.00 1.15 0.053 — — 0.918 
9/26/97 0.055 0.926 0.980 0.038 — — 0.888 
9/27/97 0.101 0.702 0.803 0.041 1.05 1.09 1.23 
9/28/97 0.123 0.854 0.977 0.048 1.02 1.07 1.15 
9/29/97 0.162 0.867 1.03 0.053 1.01 1.06 0.909 
9/30/97 0.268 0.579 0.847 0.060 0.943 1.00 1.09 
10/1/97 0.382 0.607 0.989 0.078 0.929 1.01 0.519 
10/2/97 0.285 0.471 0.756 0.082 0.833 0.916 1.11 
10/3/97 0.372 0.484 0.856 0.074 0.803 0.876 1.15 
10/4/97 0.433 0.432 0.865 0.029 0.917 0.946 0.935 
10/5«7 0.436 0.356 0.791 0.003 1.03 1.03 0.845 
10/6/97 0.507 0.619 1.13 0.085 1.12 1.20 1.02 
10/7/97 — 0.443 — 0.042 1.00 1.05 0.97 
10/8/97 — — — — — — — 
10/9/97 — — — — — — — 
10/10/97 — — — — — — — 
10/11/97 0.159 0.523 0.682 0.056 1.41 1.47 1.28 
10/12/97 0.413 0.454 0.867 0.032 1.41 1.44 1.04 
10/13«7 0.684 0.424 1.11 0.033 1.35 1.39 0.847 
10/14/97 0.571 0.466 1.04 0.042 1.22 1.26 0-745 
10/15/97 0.352 0.499 0.850 0.045 1.08 1.12 0.687 
10/16/97 0.327 0.560 0.887 0.036 0.994 1.03 0.760 
10/17/97 0.449 0.661 1.11 0.054 0.817 0.871 0.904 
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Table A1 continued 
Date TP1 TF»2 TP System 2P1 2P2 2P System SS Syste 
1/31/98 0.551 0.777 1.33 0.050 0.755 0.804 1.41 
2/1/98 0.527 0.424 0.951 0.048 0.575 0.623 1.49 
2/2/98 0.345 O.Sg6 0.941 0.047 0.668 0.715 1.26 
2/3/98 0.450 1.01 1.46 0.043 0.862 0.905 0.899 
2/4/98 0.387 0.638 1.00 0.055 1.17 1.23 0.613 
2/5/98 0.255 0.668 0.923 0.060 0.648 0.708 0.917 
2/6/98 0.597 0.900 1.50 0.024 1.05 1.07 1.39 
2/7/98 0.345 0.866 1.20 0.091 0.828 0.919 1.32 
2/8/98 0.263 1.00 1.27 0.042 0.701 0.743 1.76 
2/9/98 0.104 1.00 1.11 0.072 0.767 0.840 1.48 
2/10/98 0.237 1.06 1.29 0.055 1.15 1.21 ^2^ 
2/11/98 0.081 0.791 0.872 0.067 1.00 1.07 0.986 
2/12/98 0.305 0.498 0.802 0.045 0.643 0.688 1.16 
2/13/98 0.533 0.849 1.38 0.065 1.06 1.12 1.76 
2/14/98 0.468 0.849 1.32 0.055 1.17 1.22 0.880 
2/15/98 0.524 0.694 1.22 0.056 0.801 0.857 1.06 
2/16/98 0.777 0.802 1.58 0.051 0.565 0.617 0.872 
2/17/98 0.920 0.588 1.51 0.036 1.18 1.22 0.790 
2/18/98 0.623 0.559 1.18 0.044 0.699 0.743 0.919 
2/19/98 0.455 0.307 0.763 0.044 0.981 1.03 0.756 
2/20/98 0.746 0.222 0.968 0.054 0.295 0.349 0.439 
2/21/98 0.644 0.327 0.970 0.065 0.360 0.425 0.522 
2/22/98 — — — — — — — 
2/23/98 0.502 0.328 0.830 0.049 0.855 0.905 0.837 
2/24/98 0.236 0.035 0.271 0.083 0.234 0.317 0.109 
2/25/98 0.340 0.573 0.912 0.114 0.515 0.629 0.459 
2/26/98 0.301 0.370 0.672 0.143 0.662 0.806 0.456 
2/27/98 0.817 0.508 1.33 0.237 0.560 0.797 1.84 
2/28/98 0.470 0.469 0.939 0.288 0.589 0.877 1.42 
3/1/98 0.570 0.376 0.946 0.117 1.14 1.26 1.11 
3/2/98 0.867 0.384 1.25 0.069 0.687 0.756 0.695 
3/3/98 1.04 0.897 1.93 0.096 1.41 1.50 1.54 
3/4/98 0.265 0.438 0.703 0.035 0.493 0.528 0.739 
3/5/98 0.392 0.579 0.971 0.059 0.836 0.895 1.11 
3/6/98 0.246 0.697 0.944 0.106 0.769 0.875 1.30 
3/7/98 0.652 0.889 1.54 0.104 0.800 0.905 0.921 
3/8/98 0.318 0.281 0.599 — 0.343 — 0.168 
3/9/98 0.962 1.16 2.12 0.124 1.13 1.25 1.08 
3/10/98 0.695 1.37 2.06 0.082 1.18 1.26 0.899 
3/11/98 0.168 0.362 0.530 0.032 0.456 0.488 0.699 
3/12/98 0.820 1.19 2.01 0.072 1.77 1.85 1.53 
3/13/98 0.217 0.365 0.572 0.030 0.146 0.177 0.495 
3/14/98 0.487 0.635 1.12 0.040 0.684 0.724 0.916 
3/15/98 0.499 0.618 1.12 0.033 0.791 0.823 0.787 
3/16/98 0.551 0.301 0.852 0.082 0.710 0.792 0.857 
3/17/98 0.502 0.460 0.962 0.015 0.786 0.802 0.709 
3/18/98 0.672 0.503 1.18 0.031 0.850 0.881 0.625 
3/19/98 0.314 0.380 0.694 0.045 0.713 0.758 1.02 
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Table A1 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS System 
3/20/98 0.366 0.238 0.604 0.049 0.755 0.805 0.841 
3/21/98 0.119 0.438 0.557 0.033 0.668 0.701 0.727 
3K2m 0.372 0.734 1.11 0.032 0.587 0.620 1.00 
3/23/98 0.164 0.181 0.345 0.042 0.937 0.979 0.777 
3/24/98 0.234 0.559 0.793 0.008 0.365 0.373 0.880 
3/25/98 0.147 0.355 0.502 0.025 0.305 0.331 0.772 
3/26/98 0.397 0.483 0.880 0.051 0.489 0.539 0.926 
3/27/98 0.398 0.408 0.806 0.009 1.14 1.14 1.40 
3/28/98 0.241 0.361 0.602 0.027 0.996 1.02 1.70 
3/29/98 0.404 0.763 1.17 0.033 0.704 0.737 0.736 
3/30/98 0.701 0.473 1.17 0.028 0.676 0.703 1.49 
3/31/98 0.705 0.530 1.24 0.031 0.832 0.863 2.57 
4/1/98 0.630 0.455 1.09 0.025 1.04 1.07 0.902 
4/2/98 1.00 0.400 1.40 0.037 1.32 1.36 1.14 
4/3/98 0.289 0.231 0.520 0.008 0.481 0.489 0.403 
4/4/98 0.315 0.455 0.770 0.017 1.01 1.03 1.27 
4/5/98 0.196 0.369 0.565 0.021 0.831 0.852 1.31 
4/6/98 0.300 0.464 0.764 0.068 0.852 0.920 0.564 
4/7/98 0.642 0.262 0.903 0.010 1.44 1.45 1.39 
4/8/98 0.325 0.662 0.987 0.024 0.305 0.329 0.619 
4/9/98 0.346 0.698 1.04 0.009 1.45 1.46 1.15 
4/10/98 0.499 0.394 0.893 0.055 1.24 1.29 0.924 
4/11/98 0.553 0.367 0.920 0.027 0.982 1.01 0.728 
4/12/98 0.614 0.359 0.973 0.029 1.01 1.04 0.676 
4/13/98 0.562 0.259 0.821 — 1.03 — 0.601 
4/14/98 0.359 0.331 0.689 0.045 0.693 0.738 0.848 
4/15/98 0.570 0.367 0.937 0.041 0.648 0.688 0.815 
4/16/98 0.543 0.445 0.989 — 1.37 — 0.779 
4/17/98 0.384 0.052 0.435 0.025 0.507 0.531 0.100 
4/18/98 0.375 0.509 0.884 0.017 0.863 0.881 1.06 
4/19/98 0.557 0.318 0.875 0.018 0.914 0.931 1.57 
4/20/98 0.390 0.174 0.563 0.023 0.908 0.931 1.62 
4/21/98 0.631 0.083 0.715 0.021 0.825 0.845 1.74 
4/22/98 0.347 0.007 0.354 0.016 0.761 0.776 1.07 
4/23/98 0.548 0.465 1.01 0.050 1.52 1.57 0.820 
4/24/98 0.285 0.112 0.397 0.031 0.863 0.894 0.522 
4/25/98 1.11 0.604 1.71 0.072 1.24 1.31 1.60 
4/26/98 0.579 0.084 0.663 0.029 0.941 0.970 1.30 
4/27/98 0.165 0.048 0.213 0.024 0.679 0.704 0.200 
4/28/98 0.112 0.073 0.185 0.060 0.249 0.309 0.587 
4/29/98 0.436 0.346 0.783 0.020 0.865 0.885 0.496 
4/30/98 0.546 0.418 0.963 0.067 1.10 1.17 0.931 
5/1/98 0.540 0.413 0.954 0.066 1.09 1.16 0.921 
5/2/98 0.673 0.367 1.039 0.013 0.855 0.868 0.179 
5/3/98 0.551 0.139 0.690 0.006 1.06 1.07 0.099 
5/4/98 0.416 0.290 0.706 0.034 1.20 1.23 1.19 
5/5/98 0.514 0.447 0.962 0.061 1.17 1.23 1.59 
5/6/98 — — — — — — — 
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Table A1 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Syste 
7/8/98 0.473 — — 0.318 0.527 0.844 0.489 
7/9/98 0.469 — — 0.306 0.522 0.828 0.485 
7/1 (W98 0.656 0.306 0.961 0.031 0.816 0.847 0.385 
7/11/98 0.323 0.149 0.472 0.024 0.927 0.951 0.816 
7/12/98 0.631 0.196 0.827 0.029 0.912 0.941 0.603 
7/13«8 0.447 0.139 0.585 0.021 0.910 0.932 0.594 
7/14/98 0.437 0.124 0.561 0.016 0.847 0.863 0.885 
7/15/98 0.156 0.195 0.350 0.018 0.920 0.938 0.610 
7/16«8 0.296 0.276 0.572 0.029 1.07 1.10 0.984 
7/17/98 0.691 0.143 0.834 0.055 0.726 0.782 0.613 
7/18«8 0.748 0.366 1.11 0.025 0.918 0.943 0.500 
7/19/98 0.535 0.097 0.632 0.025 0.928 0.953 0.871 
7/20/98 0.627 0.254 0.881 0.030 0.912 0.942 0.868 
7/21/98 0.531 0.229 0.760 0.031 0.857 0.888 0.906 
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Table A2. Solids concentration (mg/L) 
Total Solids Volatile Solids 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
6/18/97 19800 19900 24700 18900 20400 12800 11900 17400 11700 12500 
19100 19200 26400 22200 21400 12300 11400 18700 13600 13100 
6/20/97 21400 19800 24000 23800 22200 13600 11700 16800 14000 13700 
21800 20100 23300 24700 22700 14000 11900 16400 14500 14000 
6/23/97 16600 17900 23100 20100 19400 10700 10500 16300 12400 11800 
15200 19200 23900 20200 18100 9800 11100 17000 12400 11100 
10/27/98 61800 32400 67700 37900 29800 32400 16100 38000 20000 14900 
60600 32500 67100 38100 30900 31700 16200 41900 20300 15700 
10/29/98 50600 29400 65700 34300 33200 24800 13900 35400 17400 15600 
49700 29300 65900 34500 33700 24400 13900 35300 17600 16100 
10/30/98 58700 30500 70800 35000 33300 27800 14000 37600 16500 15400 
59100 30500 71500 35400 33900 27800 14000 38300 16900 15600 
11/16/97 52800 21400 39200 31800 30000 33400 11000 32100 16300 15600 
51500 21800 34600 31300 29900 32700 11200 28000 15900 15500 
11/25/97 12100 19500 41300 35400 27900 8780 9180 33200 18300 14514 
12700 19000 40400 34800 28000 9260 9020 32500 17900 — 
12/2/97 25400 23200 47800 27000 32600 18900 12200 34100 16300 16800 
25500 23700 45800 27200 32100 19000 12400 32700 16300 16500 
12/9/97 21000 16600 28500 24700 17000 11500 12400 22900 13700 9640 
22500 16900 29200 24300 17200 12400 12700 22300 13700 9750 
12/16/97 50200 16300 30000 33400 9800 38500 9040 18200 26300 5880 
50300 16500 33300 33900 9850 38700 9120 16300 26900 5900 
1/5/98 18000 19300 52900 18300 12600 11700 10900 40700 11200 7540 
18000 19600 51700 18100 12900 11700 11100 39700 11100 7680 
1/20/98 39700 13000 33500 15900 27600 28000 7030 26000 9370 16600 
40200 12900 33100 16100 27000 28200 6780 26000 9490 16200 
1/26/98 17000 14600 32300 14900 28100 11900 8170 26000 8930 18000 
14800 14400 32900 14600 27900 11700 8080 26500 8780 — 
2/2/98 20500 8640 33100 35300 — 15600 4670 27300 21300 — 
19700 9390 33200 35100 — 14800 5090 27500 21200 — 
2/9/98 35800 20900 37300 22600 23500 28400 12600 29900 14000 8700 
37100 20300 49000 22300 13200 29600 12400 39000 13900 8480 
2/16/98 32800 30400 30300 21400 14000 24800 18400 25300 13500 — 
34300 30800 30500 20900 13800 26000 18700 25500 13300 9220 
3/2/98 21000 14500 55400 16600 34600 14800 8220 42100 9930 21400 
21100 14100 55600 16600 33700 14800 7970 42400 9980 20900 
3/10/98 17700 14900 32600 28400 17400 13000 9210 26700 17400 11800 
17600 15400 34200 28500 17400 12900 9500 28200 17400 11800 
3/17/98 18500 16500 54400 15400 12900 14100 9470 41800 8980 8230 
18800 17600 46400 15100 13400 14300 10100 36100 8820 8590 
3/24/98 38500 20600 29400 26900 17500 28200 12000 23100 16700 10700 
38100 20800 31100 27800 17500 27800 12200 25700 17600 10700 
4/2/98 80100 29900 42600 22600 31800 55600 17400 36000 14800 19300 
70000 30800 44700 22400 31400 48200 17600 37700 14700 19200 
4/6/98 31200 22500 46400 20500 31900 22100 13000 39000 12700 18800 
30900 22000 47500 20700 31400 21900 12600 40000 12900 18600 
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Table A2 continued 
Total Solids Volatile Solids 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
4/13/98 13100 17100 42700 14400 39500 — 9540 34700 9380 23200 
13200 18000 39500 14400 38700 — 9960 32300 9310 22600 
4/20/98 50300 23500 41400 28200 21900 35400 12900 32700 17300 13400 
48200 24800 43600 27900 22800 33800 13500 34400 17000 13900 
4/27/98 30700 18800 35100 18200 10600 21300 10600 29700 11000 6400 
32400 18800 39500 17600 10600 22600 10600 33500 10700 6410 
5/4/98 27800 16600 38900 13600 27000 20700 9580 32100 7500 16700 
28300 16700 38000 13800 31200 21100 9640 31300 7370 15900 
5/11/98 21300 18300 49100 18000 32000 16100 11200 33100 11300 19800 
21500 18300 49200 18300 30900 16200 11400 33400 11500 19000 
5/18/98 47500 29500 33800 31800 61700 34200 19700 22300 19100 36800 
51300 30200 31700 31100 56900 36800 20000 21100 18800 34200 
5/25/98 32100 33700 58600 18900 25600 — — 48100 11500 15100 
31600 33500 55900 18700 25500 — — 45800 11400 14800 
6/15/98 23000 21400 34500 18800 21100 16000 12700 25700 11500 13700 
23000 21600 34400 19000 21600 16000 12100 25600 11500 13800 
6/22/98 28800 13700 35300 19500 10800 19600 7950 28300 11800 6690 
29600 13300 34700 19600 10800 20000 7480 27400 11800 6630 
6/29/98 33800 19400 30300 22800 29600 23200 11200 25000 13900 17300 
34500 19800 32900 23100 30500 23700 11400 27400 14100 18100 
7/6/98 22600 17800 53000 19700 15800 13200 10200 39400 12500 9160 
22300 19000 54200 19500 15800 13200 10900 40400 12300 9110 
7/13/98 60800 23700 63400 20700 18000 33400 12100 42900 11700 10700 
60600 24100 63000 21200 17800 34600 12500 42400 12000 10600 
7/20/98 34000 22300 47900 21300 26500 21300 12300 34000 10900 15400 
36600 24100 51600 21200 25300 23100 13300 36000 10700 15000 
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Table A3. COD concentratioii (mg/L) 
Total COD Soluble COD 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
en 8197 20800 18200 32500 20500 22500 4010 3860 6890 2800 3410 
20700 18700 32800 22000 21600 4160 2850 7340 2350 3260 
6/20/97 17300 13500 27300 21400 16600 — — 7180 879 — 
19200 13500 27600 21400 16700 — — 6740 1470 — 
6/23/97 16600 18700 26800 20000 18700 2450 2320 6320 1030 1550 
16600 18500 28900 20600 21000 2580 2580 5680 903 1550 
10/27/98 35700 24600 — 26800 22800 10600 5210 12800 3870 3570 
35900 27300 — 29800 22600 11200 4470 13700 3280 4320 
10/29/98 38600 22000 60200 — 23200 10400 3430 13700 3870 2380 
45000 22000 57200 24600 22800 10100 3570 18200 2980 2980 
10/30/98 44500 — 53600 24300 22500 9530 3870 16100 4320 2090 
45400 — 52100 21600 21300 10300 1490 13100 5510 3130 
11/16/97 — 17200 32400 25200 21400 — 1080 8270 985 1210 
— 19500 33600 23100 21800 — 1080 7790 849 1210 
11/25/97 17000 14100 39900 29200 18900 7910 1270 9720 1020 3220 
15500 12400 43500 25800 20900 7970 1230 9720 1050 3380 
12/2/97 28100 18400 39300 21000 22500 7370 1410 9180 1710 1650 
31500 20400 49600 21600 28500 7340 1270 9240 1800 1650 
12«/97 — — — — — — — — — — 
12/16/97 60500 15500 65600 40500 17900 8500 2630 3740 3520 
72200 17000 63900 42500 12300 — 2980 — 3610 3250 
1/5/98 23900 16300 65600 20000 12400 13500 2490 18900 — 2830 
27200 19100 66500 19300 10900 14700 2760 18300 — 2830 
1/20/98 51200 11100 46000 13700 29900 15000 1220 14400 1830 3420 
51700 10500 42000 14500 26400 13900 1170 14400 1830 3420 
1/26/98 30800 5220 69300 20300 38500 22800 1700 18500 2140 — 
31700 5790 69300 20300 38800 20500 1690 20500 2140 — 
2/2/98 37400 22300 35900 38400 6400 12200 1500 20900 2220 3010 
40400 18700 40400 38400 7150 15800 1570 20900 2190 3010 
2/9/98 79800 28300 58700 30600 18500 22900 2030 17800 2060 3820 
78900 30900 64700 31600 19400 22600 1910 19000 2080 3720 
2/16/98 56600 32400 50800 28700 17400 15600 2280 15000 1860 3000 
53800 32000 47600 28100 18900 16800 2070 14400 1790 3050 
3/2/98 32700 13000 74200 17800 35600 17300 1280 16400 2200 1890 
34500 13500 74000 17400 36800 15500 1270 16400 2170 2040 
3/10/98 36900 22000 62900 26400 10900 12400 1740 12700 1860 1120 
36000 22100 52500 27100 12200 13300 1760 11500 1870 1140 
3/17/98 22300 16100 43700 14300 11900 6840 1470 11900 1500 1530 
20200 15900 45200 13800 14600 5650 1350 11000 1400 1550 
3/24/98 44700 21800 71400 28300 17500 9780 1380 15100 1420 1960 
45600 23000 62500 26400 18500 11900 1330 12100 1440 — 
4/2/98 — 36100 65800 31700 — 14500 2160 12400 1900 2820 
— 34800 61000 24300 36000 14200 — 14500 1960 2830 
4/6/98 50700 25400 88900 23600 30400 17200 2180 18100 1110 2640 
48100 24500 87500 19100 31200 16100 2160 17800 1320 2450 
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Table A3 continued 
Total COD Soluble COO 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
4/13/98 21700 18700 58300 15700 40200 9720 1420 14000 1800 1820 
20300 — 55200 — 40200 10000 1420 14000 1700 1900 
4/20/98 69800 35500 66900 33400 26200 15500 1780 19800 1660 3590 
68000 26300 64300 28400 27000 13700 1690 18400 1660 3500 
4/27/98 — 29100 77900 24800 15500 — 1280 18200 1470 2880 
— 26000 76200 25000 16100 — — 21500 1540 2880 
5/4/98 56700 28400 87600 22100 43900 16800 2730 17400 2060 2310 
57000 28800 89000 22700 43200 15000 2750 18200 2060 2350 
5/11/98 29600 18000 59100 14900 29400 10100 2010 13600 1900 2310 
31000 14500 47500 13300 29800 — 2110 13600 1880 2250 
5/18/98 44100 28100 36800 27800 44900 8820 — 10000 1490 1460 
46500 28300 36500 28000 — 8210 — — 1520 1750 
5/25/98 — — 25900 24300 14700 9900 — 8470 1190 1380 
— — 25600 26100 14100 11600 — 10200 1170 1380 
6/15/98 28200 18400 27000 13300 2300 7260 975 10800 2010 1690 
28800 18100 23100 12600 — 6960 990 11700 1840 2690 
6/22/98 31600 13500 40800 17800 11600 12500 1150 9620 1450 1780 
34400 13300 59500 18100 11700 12500 1040 11900 1360 1790 
6/29/98 37500 20200 36300 23300 26300 7670 1110 7670 2020 2690 
36300 20100 29500 20500 25700 7670 1080 7380 1920 2770 
7/6/98 19100 15700 39300 20100 13400 1470 1040 10300 4240 2670 
19100 15400 39600 20800 12800 2940 1010 9100 4270 2690 
7/13/98 12800 18700 46100 20900 17900 3200 1930 7990 2950 3700 
13400 16700 47600 20800 17900 4400 2020 10100 2980 4000 
7/20/98 32600 32100 40300 17200 25300 7360 3870 8290 1770 — 
34100 38100 44400 19400 26200 7050 3910 8610 1780 — 
110 
Table A4. Total volatile acids and pH 
pH TVA (mg/L as acetic add) 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
6/18/97 7.64 7.69 5.56 7.40 7.52 564 120 3390 128 171 
6/20/97 7.65 7.58 5.53 7.31 7.53 492 120 3250 192 171 
6/23/97 7.52 7.66 5.59 7.30 7.49 530 201 3190 103 171 
10/27/97 6.96 7.44 5.55 7.40 7.39 3390 162 5940 154 154 
10/29/97 6.94 7.52 5.58 7.32 7.43 3270 — 5460 171 — 
10/30/97 6.79 7.48 5.61 7.40 7.48 3110 171 5580 103 124 
11/16/98 — — — — — 1010 378 3160 289 424 
11/25/98 — — 5.68 — — 2720 86 4550 180 171 
12/2/98 — — 5.70 — — — — — — — 
1/5/98 7.20 7.18 5.40 7.27 7.29 6570 — 7800 — — 
1/20/98 7.13 7.40 5.60 7.37 7.29 5580 145 6230 128 — 
1/26/98 7.20 7.35 5.55 7.10 722 — — — — — 
2/2/98 7.20 7.18 5.62 7.27 7.29 4890 145 5980 60 282 
2/9/98 6.22 7.36 5.60 7.22 7.15 5600 188 6330 145 120 
2/16/98 7.13 7.40 5.60 7.37 7.29 — — — — — 
3/2/98 7.21 7.10 5.76 7.13 7.24 3610 128 4510 269 214 
3/10/98 — — 5.62 — — 2460 171 4010 496 171 
3/17/98 7.24 729 5.74 6.93 7.14 2270 120 4510 162 111 
3/24/98 7.13 7.40 5.57 7.37 7.29 — — — — — 
4/2/98 — — 5.59 — — — — — — — 
4/20/98 7.13 7.30 5.62 7.00 7.17 2570 154 5440 235 188 
4/27/98 7.36 7.26 5.53 7.11 7.23 2540 453 4890 197 308 
5/11/98 6.66 6.98 5.64 7.22 7.21 4140 958 3700 188 265 
5/18/98 6.49 6.91 5.56 6.76 7.13 4340 2810 3880 1070 479 
5/25/98 6.49 6.91 5.75 6.94 7.13 — 2620 4660 137 504 
6/12/98 — — 5.64 — — 1750 205 3610 171 171 
6/13/98 7.53 7.48 5.09 7.08 7.30 1650 137 5390 103 359 
6/14/98 7.00 7.46 5.65 7.14 6.95 2570 137 5610 120 983 
6/15/98 7.31 7.47 5.72 6.88 6.99 2550 158 5120 941 1223 
6/22/98 7.29 7.51 5.60 7.02 7.21 2450 120 3840 128 214 
6/29/98 7.12 7.37 5.59 7.01 7.12 — — — — — 
7/6/98 7.44 7.31 5.63 6.74 7.19 983 I l l  3580 1610 419 
7/13/98 7.21 7.07 5.65 6.83 6.94 633 150 3680 3280 787 
7/20/98 7.23 
— 
5.61 — 
— 
958 299 4080 188 864 
I l l  
Table A5. Alkalinity and percent methane 
Aikafinity (mg/L a: 5 OaOOs) Percent Methane 
Date TP1 TP2 2P1 2P2 SS TP1 TP2 2P1 2P2 SS 
6/18/97 3300 4130 1800 3380 3800 66.9 70.4 48.0 69.0 73.0 
6/20/97 3550 4280 2050 4080 2980 66.0 70.3 49.2 69.1 — 
6/23«7 — — — — — 64.6 70.5 49.6 68.9 — 
10/27/97 3250 5500 3250 3750 5000 52.2 67.7 41.2 62.0 61.1 
10/29/97 3500 5500 4000 5750 5250 — — — — — 
10/30/97 3500 5250 3500 4250 4500 — — — — — 
11/16/98 2500 5350 1500 4630 4880 48.9 67.4 42.3 57.3 56.7 
11/25«8 2000 4250 2500 4000 3750 48.8 67.5 41.7 58.7 56.9 
12/2/98 — — — — — 47.5 66.4 45.8 60.0 59.9 
1/5/98 4750 5000 3750 4500 3500 49.8 72.4 40.9 52.8 52.4 
1/20/98 5000 5000 2500 4750 4500 52.5 69.2 48.5 64.2 62.9 
1/26/98 
2/2/98 
2/9/98 1250 4750 2000 4000 3750 47.9 69.3 34.7 55.9 49.1 
2/16/98 5000 5000 2500 4750 4500 47.2 70.0 49.1 61.8 51.5 
3/2/98 4350 7000 2400 5650 6700 47.3 72.9 45.8 65.2 62.6 
3/10/98 3700 4530 2300 4950 3900 47.9 59.1 38.7 49.8 51.0 
3/17/98 3500 6550 2480 3430 3750 51.6 63.8 37.3 59.7 60.4 
3/24/98 — — — — — 55.9 67.6 45.5 59.5 65.0 
4/2/98 — — — — — 49.4 65.8 41.0 43.7 67.1 
4/20/98 3100 4230 2500 3500 3250 47.9 59.1 38.7 49.8 51.0 
4/27/98 2930 4500 1850 4050 4730 — — — — — 
5/11/98 4200 7300 3300 7600 7450 43.9 61.7 33.1 56.6 59.1 
5/18/98 1880 4900 1750 3200 2580 42.5 52.1 42.6 50.8 51.4 
5/25/98 — 3930 2180 3730 4250 — 61.7 46.7 65.1 63.9 
6/15/98 — — — — — 48.6 67.6 — 52.6 44.7 
6/22/98 — — — — — 52.6 72.5 37 60.2 58.5 
6/29/'g8 — — — — — 51 69 45 58.2 49.9 
7/6/98 3150 3600 2750 3590 3600 51.7 69.1 — 54.7 56.5 
7/13/98 3250 3600 1930 2580 3480 61.9 68.1 — 56.1 57.6 
7/20/98 3000 4180 2650 2830 3230 55.3 59.6 36.8 55.4 56.4 
Table A6. Feed characteristics 
Date TS (mgA.) VS (mg/L) Total COD (mg/L) 
613197 
6/5/97 
6/18/97 
6/20/97 
6/23/97 
31600 
31600 
34900 
34600 
28800 
29600 
27900 
27100 
27300 
27600 
21800 
21700 
25100 
25100 
21200 
21900 
20500 
19800 
20000 
20000 
31900 
30200 
33000 
33400 
28000 
30200 
7/1/97 
7/25/97 
8/1/97 
8/6/97 
8/8/97 
9/8/97 
9/11/97 
9/15/97 
9/18/97 
9/23/97 
9/28/97 
47200 
50700 
53100 
57000 
42800 
46500 
43500 
44300 
42500 
40600 
44600 
48700 
55700 
53700 
47000 
45400 
49500 
49000 
40400 
43900 
44500 
31300 
34500 
40000 
43300 
32500 
35900 
30900 
34600 
33500 
33000 
35300 
38700 
41200 
39700 
34800 
33500 
39400 
37000 
32300 
35200 
35100 
Soluble COD (mg/L) Particulate COD (mg/L) 
4620 27280 
3860 26340 
4650 23350 
3880 26320 
Table A6 continued 
Date TS (mg/L) VS (mg/L) Total COD (mg/L) 
9/28/97 54000 42800 — 
10/2/97 52200 40800 — 
41300 32200 — 
10/13/97 30400 24800 — 
43300 34200 — 
10/18/97 60600 36400 — 
71800 36900 — 
10/28/97 45400 35200 44800 
46800 36600 — 
10/29/97 — — 40800 
— 
— 46800 
10/30/97 — — 48200 
— 
— 50000 
11/3/97 46900 37000 
49200 38700 _ 
11/7/97 40500 — — 
39400 — — 
11/13/97 29900 24900 — 
31300 26200 — 
11/18/97 45600 38300 32400 
39000 32500 31500 
11/19/97 48100 39800 
41000 33600 — 
11/21/97 44100 36600 — 
42400 34900 — 
11/24/97 47000 39100 — 
45400 37400 ... 
11/25/97 41600 35000 55300 
43800 35900 47100 
11/26/97 39100 32500 
36100 29700 — 
Soluble COD (mg/L) Particulate COD (mg/L) 
11200 33600 
9530 — 
9230 31570 
6550 41650 
8340 41660 
4750 27650 
4560 26940 
5980 49320 
5710 41390 
Table A6 continued 
Date TS (mg/L) VS (mg/L) Total COD (r 
12/2/97 35300 30400 33900 
33300 28600 38100 
12/5/97 30900 25700 — 
38700 32800 — 
12/7/97 34200 28800 — 
34600 29100 — 
12«/97 38100 32200 — 
40900 34500 — 
12/16/97 43800 35700 59400 
44300 36200 55900 
1/1/98 46900 38800 — 
45100 37200 — 
1/3/98 42000 34700 — 
44200 36500 — 
1/5/98 45700 37800 60600 
45800 38200 81400 
1/7/98 38900 32100 — 
41000 33800 — 
1/9/98 42500 35100 — 
46100 — — 
1/11/98 48100 39600 — 
44400 36300 — 
1/17/98 39100 31700 
40100 32500 — 
1/19/98 35900 29900 — 
37500 31300 — 
1/20/98 34500 28200 51700 
35800 29300 51700 
1/26/98 33800 27600 39100 
35600 29300 38300 
1/28/98 39500 32100 
Soluble COD (mg/L) Particulate COD (mg/L) 
7400 
7460 
26500 
30640 
18900 
15000 
41700 
66400 
13000 
13000 
16500 
16500 
38700 
38700 
22600 
21800 
Table A6 continued 
Date TS (mg/L) VS (mg/L) Total COD (mg/L) 
1/28/98 
1/30/98 
2/2/98 
2/3/98 
2/5/98 
2/7/98 
2/9/98 
2/16/98 
2/18/98 
2/25/98 
2/27/98 
3/2/98 
3/6/98 
3/8/98 
3/10/98 
3/11/98 
42000 
42100 
45500 
47200 
46600 
58100 
56000 
41300 
38300 
54600 
54700 
57800 
57500 
44400 
44100 
46900 
46400 
47300 
39800 
47400 
44600 
41800 
41000 
38600 
37400 
48600 
49900 
44100 
34500 
35900 
38900 
40400 
39800 
48700 
46800 
34700 
31900 
46000 
46100 
49100 
49000 
36600 
36500 
39300 
38300 
39200 
32800 
39200 
36700 
34000 
33300 
30800 
29800 
39100 
40000 
35200 
39200 
39200 
93900 
93900 
71800 
70300 
85200 
68000 
65800 
66700 
Soluble COD (mg/L) Particulate COD (mg/L) 
7700 31500 
9200 30000 
13900 80000 
15700 78200 
18600 53200 
16800 53500 ^ 
10500 74700 
10500 57500 
11500 54300 
12700 54000 
Table A6 continued 
Date TS (mgfl.) VS (mg/L) Total COD (mg/L) Soluble COD (mg/L) Particulate COD (mg/L) 
3/13/98 48400 38900 ~ — 
43300 34700 _ — — 
3/15/98 38200 30600 — — — 
43900 35300 — — — 
3/17/98 44100 35700 38900 5350 33550 
39100 31300 49600 4460 45140 
3/24/98 47300 38300 80900 7700 73200 
48900 39400 — 8590 — 
3/26/98 55300 44300 — -- — 
56400 45000 — — — 
3/28/98 48900 38400 — — — 
52300 41200 — — — 
3/30/98 53500 43000 — — — 
52800 42200 — — — 
4/2/98 58000 46400 93900 10400 83500 
54000 43300 88900 10400 78500 
4/3/98 40400 33800 — — — 
36200 30200 — — 
4/5/98 35000 29200 — — 
39800 33200 
— ~ — 
4/6/98 36400 30000 73700 8420 65280 
40700 34100 73700 8420 65280 
4/9/98 44100 36800 ~ — 
38200 31600 — — — 
4/13/98 42100 34700 75800 12600 63200 
49100 39700 73800 13400 60400 
4/16/98 31900 26200 — 
31900 26200 — — 
4/18/98 41200 34100 — — — 
41400 34200 — — — 
4/20/98 53700 38900 74700 9680 65020 
Table A6 continued 
Date TS (mg/L) VS (mg/L) Total COD (mg/L) 
4/20/98 
4/21/98 
4/23/98 
4/25/98 
4/27/98 
5/2/98 
49100 
49500 
49100 
38400 
39700 
49500 
47600 
51100 
37000 
40700 
40500 
32600 
33400 
40800 
39200 
42500 
92800 
95100 
5/4/98 
5/10/98 
5/11/98 
5/14/98 
5/16/98 
5/18/98 
5/19/98 
5/21/98 
5/22/98 
5/24/98 
56500 
49900 
46700 
48200 
42300 
32900 
42000 
41700 
39900 
44800 
32400 
38100 
35500 
49700 
48300 
44500 
44700 
52600 
52400 
46400 
40800 
37900 
39200 
35100 
27100 
34300 
34300 
33000 
37500 
26300 
31100 
28100 
41000 
39700 
37500 
37600 
44500 
44000 
93100 
87000 
69000 
72700 
35600 
33500 
Soluble COD (mg/L) Particulate COD (mg/L) 
10300 
13600 
10100 
79200 
85000 
9220 
9220 
83880 
77780 
7530 
5800 
61470 
66900 
5170 30430 
Table A6 continued 
Date TS (mg/L) VS (mg/L) Total COD (mg/L) 
5/25/98 31900 26200 36700 
32400 26600 55900 
6/15/98 51900 43400 41000 
52400 43800 41300 
6/16/98 42500 36000 — 
6/21/98 49700 37800 — 
50000 38600 — 
6/22/98 44000 34600 40200 
48500 38400 39600 
6/23/98 45300 36000 — 
47100 37500 — 
6/26/98 58300 42200 — 
58600 42600 — 
6/28/98 52700 41100 — 
57300 44900 — 
6/29/98 51000 36500 36900 
55100 40000 37500 
7/3/98 45100 34000 — 
49900 37800 — 
7/5/98 52600 38400 — 
56100 41100 — 
7/6/98 55500 42300 16700 
43600 33000 19400 
7/9/98 54400 39700 — 
50000 36500 ... 
7/13/98 66700 50500 48700 
60700 45000 48200 
7/18/98 48300 36700 ... 
50200 38300 — 
7/20/98 51100 39100 49300 
49000 37500 36600 
Soluble COD (mg/L) Particulate COD (mg/L) 
6760 29940 
8470 47430 
8460 32540 
8460 32840 
8750 31450 
4970 34630 
9150 27750 
6780 30720 
3820 12880 
3520 15880 
8290 40410 
8590 39610 
5500 43800 
5500 31100 
119 
Table A7. Hydraulic retention time (day) 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
5/27/97 3 9 13 3 11 14 12 
5/28/97 3 g 12 3 9 12 12 
5/29/97 3 10 13 3 10 13 13 
5/30/97 3 10 13 3 10 13 12 
6/2/97 3 11 14 3 9 12 13 
6/3/97 3 10 13 3 10 13 14 
6/4/97 3 10 13 3 10 13 13 
6/5/97 3 10 13 3 10 13 13 
6/6/97 3 10 13 3 10 13 12 
6/7/97 3 10 13 3 10 13 12 
6/8/97 3 10 13 3 10 13 12 
6/9/97 3 10 13 3 10 13 13 
6/10/97 3 10 13 3 10 13 12 
6/11/97 3 10 13 3 10 13 12 
6/12/97 3 10 13 3 10 13 12 
6/13/97 3 10 13 2 10 12 12 
6/14/97 3 10 13 3 10 13 12 
6/15/97 3 11 14 3 9 12 12 
6/16/97 3 9 12 3 10 13 12 
6/17/97 3 10 13 3 10 13 12 
6/18/97 3 9 12 3 10 13 12 
6/19/97 3 10 12 3 9 12 13 
6/20/97 3 10 13 3 10 13 13 
6/21/97 3 11 14 3 10 13 13 
6/22/97 3 10 13 3 10 13 12 
6/23/97 3 10 13 3 10 13 12 
6/24/97 3 10 13 3 10 13 12 
6/25/97 3 10 13 3 11 14 12 
6/26/97 3 10 13 3 10 13 12 
6/27/97 3 10 13 3 10 13 14 
6/28/97 3 12 14 2 10 12 13 
6/29/97 4 9 13 3 10 13 13 
6/30/97 3 10 13 3 10 13 13 
7/1/97 3 9 12 3 10 13 13 
7/3/97 3 11 14 3 11 14 13 
7/4/97 3 10 13 3 11 13 14 
7/5/97 4 10 14 3 10 13 14 
7/6/97 3 10 13 3 10 13 13 
7/7/97 5 10 15 3 10 13 15 
7/8/97 — — — 3 10 12 13 
7/9/97 — — — 3 10 13 14 
7/10/97 — — — 3 10 13 12 
7/11/97 — — — 3 11 14 14 
7/14/97 — — — 3 11 14 13 
7/15/97 — — — 3 10 13 13 
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Table A7 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
7/16/97 — — — 3 10 13 15 
7mm 3 10 13 3 10 13 12 
7/18/97 3 10 13 3 10 13 13 
7/19/97 3 9 12 3 10 13 13 
7/20/97 3 11 14 3 10 13 13 
7/21/97 3 9 12 3 10 13 14 
7/22/97 3 12 15 3 10 13 13 
7/23/97 5 9 14 3 10 13 19 
7/24/97 3 10 13 3 10 13 14 
7/25/97 3 10 13 3 11 14 13 
7/26/97 3 10 13 4 9 12 13 
7127197 3 10 13 3 11 15 14 
7/28/97 3 10 13 3 10 12 13 
7/29/97 3 9 13 3 10 13 13 
7/30/97 3 11 13 4 10 14 13 
7/31/97 3 10 13 3 11 14 16 
8/1/97 3 10 13 3 9 12 11 
8/2/97 3 10 13 3 10 13 
8/3/97 3 10 13 3 10 13 14 
8/4/97 3 10 13 3 10 13 13 
8/5/97 3 10 13 3 10 13 12 
8/6/97 3 11 14 3 9 12 13 
8/7/97 3 10 13 3 9 13 12 
8/8/97 3 10 13 3 10 13 12 
8/9/97 3 10 13 3 10 13 12 
8/10/97 3 10 13 3 10 13 13 
8/11/97 3 10 13 3 10 13 12 
8/12/97 3 11 14 — 10 — 12 
8/13/97 3 10 13 — 10 — 12 
8/14/97 3 — — 3 9 12 10 
8/15/97 4 12 16 3 36 39 13 
8/19/97 3 12 15 2 10 12 14 
8/20/97 3 9 12 3 11 14 15 
8/21/97 3 11 14 3 15 19 14 
8/22/97 3 11 14 3 10 13 13 
8/23/97 3 9 12 3 9 12 12 
8/24/97 3 9 12 3 9 12 13 
8/25/97 3 9 12 3 12 15 13 
8/26/97 3 9 12 3 11 14 12 
8/29/97 3 8 11 3 11 14 — 
8/30/97 3 9 12 3 11 14 19 
8/31/97 3 9 12 3 10 13 25 
9/1/97 3 8 11 3 9 12 — 
9/2/97 3 8 11 3 10 13 17 
9/3/97 3 9 12 3 — — 18 
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Table A7 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
9/4/97 3 18 21 3 — — 12 
9/5/97 3 9 13 3 11 13 19 
9/6/97 4 11 14 3 11 14 12 
9/7/97 3 9 13 3 10 13 12 
9/8/y7 3 9 12 3 9 12 11 
9/9/97 3 10 13 3 9 12 10 
9/10/97 3 12 15 3 10 13 13 
9/11/97 3 8 12 3 10 13 10 
9/12/97 4 8 12 3 9 12 10 
9/13/97 4 14 18 3 10 13 13 
9/14/97 3 14 17 3 12 16 11 
9/15/97 3 10 13 3 11 14 12 
9/16/97 3 10 13 3 11 14 12 
9/17/97 3 12 15 3 9 13 12 
9/18/97 3 10 13 3 11 14 12 
9/19/97 3 10 13 3 10 13 19 
9/20/97 3 10 13 3 9 12 12 
9/21/97 3 10 13 3 10 13 12 
9/22/97 4 9 13 3 10 13 12 
9/23/97 3 10 13 3 11 14 12 
9/24/97 3 12 15 5 10 15 13 
9/25/97 3 12 15 4 10 14 13 
9/26/97 3 11 14 4 10 14 13 
9/27/97 3 10 12 4 9 13 — 
9/28/97 3 12 14 4 10 14 14 
9/29/97 3 11 14 4 10 14 13 
9/30/97 3 11 14 4 10 14 14 
10/1/97 3 11 14 4 9 13 12 
10/2/97 3 11 14 4 9 13 14 
10/3/97 10 10 4 9 13 — 
10/4/97 3 11 14 4 9 13 13 
10/5/97 3 11 14 9 14 15 
10/6/97 3 10 13 4 12 16 14 
10/7/97 3 10 13 4 10 14 — 
10/10/97 3 11 14 4 12 16 — 
10/11/97 3 13 16 4 9 13 15 
10/12/97 3 15 17 6 9 15 19 
10/13/97 3 14 16 6 11 17 16 
10/14/97 3 11 14 5 9 14 16 
10/15/97 3 11 14 5 9 15 14 
10/16/97 3 12 15 5 9 14 15 
10/17/97 3 11 14 5 12 17 16 
10/18/97 3 11 14 5 10 15 16 
10/19/97 3 11 14 4 10 14 15 
10/20/97 3 8 11 5 8 13 11 
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Table A7 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
10/21/97 3 9 12 5 7 12 10 
10/22/97 3 — — 5 8 14 13 
10/23/97 3 14 17 6 11 17 18 
10/24/97 3 13 16 5 12 17 15 
10/25/97 3 13 16 5 10 15 16 
10/26/97 3 13 16 5 11 16 15 
10/27/97 3 12 15 5 17 22 15 
10/28/97 3 13 16 5 10 15 15 
10/29/97 3 12 15 5 10 15 — 
10/30/97 3 12 15 5 10 15 15 
10/31/97 3 12 15 5 10 15 15 
11/1/97 3 14 17 4 10 14 15 
11/2/97 3 12 15 5 10 15 16 
11/3/97 3 11 14 4 13 17 14 
11/4/97 3 13 15 5 10 15 15 
11/5/97 3 13 15 5 10 15 16 
11/6/97 3 12 15 4 10 14 16 
11/7/97 3 13 16 6 11 18 16 
11/8/97 3 13 16 6 12 18 16 
11/9/97 3 13 16 6 12 18 16 
11/10/97 3 12 15 6 11 17 16 
11/11/97 3 12 15 6 11 17 15 
11/12/97 3 13 16 5 10 15 16 
11/13/97 3 13 16 5 10 15 16 
11/14/97 3 13 16 5 10 15 15 
11/15/97 3 12 15 4 11 15 16 
11/16/97 3 11 14 5 9 13 16 
11/17/97 3 13 16 5 8 13 16 
11/18/97 3 13 16 4 — — 15 
11/19/97 3 15 18 5 12 17 16 
11/20/97 3 12 15 5 11 15 15 
11/21/97 3 13 15 5 10 15 15 
11/22/97 3 10 13 5 10 16 15 
11/23/97 2 13 15 6 15 20 16 
11/24/97 2 12 14 5 11 16 15 
11/26/97 3 11 15 5 15 19 15 
11/27/97 3 11 14 5 10 15 14 
11/28/97 3 10 13 5 11 15 15 
12/3/97 3 5 10 15 14 
12/4/97 3 15 17 6 11 17 15 
12/5/97 3 16 19 6 11 17 15 
12/6/97 3 — — 5 12 17 17 
12/7/97 3 16 19 5 11 16 16 
12/8/97 3 — — 6 10 16 15 
12/9/97 3 — — 4 10 15 16 
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Table A7 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
12/10/97 3 — — 5 10 15 15 
12/11/97 3 — — 5 9 14 15 
12/12/97 3 14 17 5 18 22 23 
12/13/97 3 31 34 5 10 15 14 
12/14/97 3 13 15 4 10 14 16 
12/15/97 3 12 15 5 10 15 15 
12/16/97 3 13 16 4 10 14 15 
12/17/97 3 18 21 5 12 16 16 
12/18/97 3 12 15 5 13 18 15 
12/19/97 3 13 16 5 10 15 16 
12/20/97 3 11 14 5 10 15 15 
12/21/97 3 13 16 5 12 17 16 
1/1/98 3 8 11 4 9 14 16 
1/2/98 3 10 13 4 11 16 15 
1/3/98 3 11 15 6 11 17 15 
1/4/98 3 11 14 5 14 19 17 
1/5/98 3 10 13 5 12 16 15 
1/6/98 3 10 13 5 11 15 14 
1/7/98 3 — — 5 11 15 15 
1/8/98 4 14 18 5 11 16 17 
1/9/98 3 — — 5 11 16 16 
1/13/98 4 11 14 5 9 14 12 
1/14/98 3 11 15 5 9 15 26 
1/15/98 3 11 15 6 11 16 23 
1/16/98 3 11 14 5 9 15 18 
1/17/98 3 12 16 5 10 14 15 
1/18/98 3 11 14 4 14 18 16 
1/19/98 3 13 16 5 9 14 17 
1/20/98 3 12 15 5 10 15 24 
1/21/98 3 10 12 6 9 15 22 
1/22/98 3 12 15 5 11 16 15 
1/23/98 3 9 11 5 8 13 19 
1/24/98 3 12 15 6 — — 12 
1/25/98 3 7 10 5 9 13 22 
1/26/98 4 13 17 5 10 15 16 
1/27/98 3 13 16 6 9 15 23 
1/28/98 3 12 15 6 10 16 17 
1/29/98 4 17 21 5 12 17 21 
1/30/98 3 11 14 5 9 13 19 
1/31/98 3 9 12 4 8 13 14 
2/1/98 3 14 17 5 9 13 — 
2/2/98 3 14 17 5 10 14 — 
2/3/98 3 13 17 4 10 14 — 
2/4/98 3 10 13 5 8 14 — 
2/5/98 3 9 12 5 10 15 9 
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Table A7 continued 
Date TP1 
2/6/98 3 
2/7/98 3 
2/8/98 3 
2/9/98 3 
2/10/98 3 
2/11/98 3 
2/13/98 3 
2/14/98 3 
2/15/98 3 
2/16/98 4 
2/17/98 3 
2/18/98 4 
2/19/98 3 
2/20/98 3 
2/21/98 4 
2/25/98 3 
2/26/98 3 
2/27/98 4 
2/28/98 4 
3/1/98 3 
3/2/98 3 
3/3/98 3 
3/4/98 3 
3/5/98 3 
3/6/98 3 
3/8/98 3 
3/9/98 3 
3/10/98 3 
3/11/98 3 
3/12/98 3 
3/13/98 3 
3/14/98 3 
3/15/98 3 
3/16/98 3 
3/17/98 3 
3/18/98 3 
3/20/98 3 
3/21/98 3 
3/22/98 3 
3/23/98 3 
3/24/98 3 
3/25/98 3 
3/26/98 4 
3/27/98 3 
3/28/98 3 
TP2 TP System 
Id 13 
12 16 
10 13 
11 14 
10 13 
10 13 
13 16 
11 14 
10 14 
12 15 
10 14 
11 14 
11 14 
10 14 
11 14 
9 12 
10 13 
11 15 
12 15 
14 17 
16 19 
11 14 
9 12 
18 22 
11 14 
11 14 
11 14 
10 14 
11 14 
12 15 
10 14 
13 16 
11 14 
12 15 
12 15 
9 12 
13 17 
9 12 
10 13 
13 18 
11 14 
2P1 2P2 
5 10 
5 10 
5 10 
4 11 
5 10 
4 10 
5 — 
5 — 
5 13 
5 14 
5 13 
5 11 
5 — 
5 10 
5 11 
5 8 
5 10 
5 10 
5 11 
5 10 
4 9 
5 13 
6 12 
6 9 
5 12 
5 9 
5 9 
5 9 
5 9 
5 10 
5 9 
4 9 
5 10 
4 9 
5 9 
4 — 
5 9 
5 12 
5 11 
4 10 
5 9 
4 9 
5 9 
5 — 
5 9 
2P System SS System 
15 11 
15 12 
15 12 
15 10 
15 11 
14 13 
— 13 
— 13 
18 14 
19 15 
18 17 
16 13 
— 12 
15 12 
16 14 
13 13 
15 11 
15 14 
17 14 
15 13 
13 15 
18 17 
18 14 
15 11 
17 13 
14 12 
14 12 
14 10 
14 18 
14 13 
14 12 
14 13 
15 13 
13 11 
14 12 
— 12 
13 13 
17 13 
15 13 
14 18 
14 14 
13 13 
15 12 
— 13 
14 12 
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Table A7 continued 
Date TP1 TP2 TP System 2P1 2P2 2P System SS Sys 
3/29/98 3 — — 5 — — 17 
3/30/98 2 — — 6 — — 15 
3/31/98 3 10 13 6 11 17 15 
4/1/98 3 12 15 5 9 14 10 
4/2/96 3 8 12 — 9 — 17 
4/3/98 3 14 17 7 10 17 14 
4/4/98 3 11 15 7 10 17 12 
4/5/98 3 13 17 7 11 18 15 
4/6/98 3 13 16 6 14 20 20 
4/7/98 3 12 15 7 12 19 14 
4/8/98 — 10 — 4 13 17 12 
4/9/98 3 14 17 4 11 15 15 
4/10/98 3 — — 5 10 15 13 
4/11/98 3 9 12 5 11 16 12 
4/12/98 2 9 11 5 9 14 12 
4/13/98 3 12 15 6 11 17 14 
4/14/98 3 10 13 5 9 15 12 
4/15/98 3 11 14 5 14 19 12 
4/16/98 3 10 13 5 10 15 13 
4/17/98 2 10 12 — 9 — 17 
4/18/98 3 11 14 5 20 25 18 
4/19/98 3 10 13 5 13 18 12 
4/20/98 3 14 17 6 — — 16 
4/22/98 3 10 13 7 8 14 13 
4/23/98 3 16 19 5 13 18 12 
4/24/98 3 13 16 6 10 16 17 
4/25/98 3 11 14 6 13 19 10 
4/26/98 3 10 13 7 13 20 11 
4/27/98 3 16 18 — 12 — — 
4/28/98 — 10 — 5 — — 20 
4/29/98 3 11 14 4 10 14 20 
4/30/98 3 15 18 5 — — 19 
5/1/98 2 10 13 4 — — 16 
5/2/98 3 — — 5 — — 17 
5/3/98 3 9 12 5 — — 16 
5/4/98 4 — — — — — 13 
5/5/98 3 11 14 5 10 15 — 
5/9/98 — — — 5 9 14 — 
5/10/98 6 12 19 5 8 13 17 
5/11/98 3 11 13 5 10 15 13 
5/12/98 3 9 13 5 9 14 10 
5/13/98 3 — — 5 16 21 13 
5/14/98 3 14 17 5 11 16 16 
5/15/98 3 11 14 6 10 16 17 
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Table A7 continued 
Date TPi 
5/16/98 3 
5/17/98 3 
5/18/98 4 
5/19/98 3 
5/20/98 3 
5/21/98 2 
5122198 3 
5/23/98 3 
5/24/98 3 
5/25/98 4 
5/26/98 3 
6/13/98 4 
6/14/98 7 
6/15/98 4 
6/16/98 3 
6/17/98 4 
6/18/98 3 
6/19/98 3 
6/20/98 4 
6/21/98 3 
6122198 4 
6/23/98 3 
6/24/98 3 
6/25/98 5 
6/26/98 3 
6/27/98 3 
6/29/98 3 
6/30/98 3 
7/1/98 3 
7/3/98 3 
7/4/98 3 
7/5/98 4 
7/6/98 4 
7/9/98 3 
7/10/98 3 
7/11/98 3 
7/12/98 4 
7/13/98 — 
7/14/98 — 
7/15/98 — 
7/16/98 5 
7/17/98 3 
7/18/98 3 
7/19/98 3 
7/20/98 3 
TP2 TP System 
12 15 
10 14 
11 14 
10 13 
12 14 
10 13 
13 16 
9 12 
11 15 
9 12 
9 13 
11 18 
10 14 
11 14 
11 14 
10 13 
10 13 
11 14 
9 12 
13 16 
10 14 
17 20 
10 15 
10 13 
13 16 
10 13 
9 12 
13 16 
10 13 
13 17 
12 15 
13 18 
9 12 
9 12 
11 14 
11 14 
10 — 
12 — 
13 — 
10 15 
10 13 
12 15 
11 14 
11 14 
2P1 2P2 
5 7 
5 13 
5 10 
5 12 
5 13 
5 11 
5 14 
5 9 
3 10 
2 10 
5 10 
5 8 
5 9 
5 11 
5 11 
5 12 
5 13 
5 10 
6 8 
5 10 
4 11 
4 10 
3 9 
5 10 
5 10 
5 9 
4 10 
5 8 
5 17 
6 8 
5 9 
5 10 
5 9 
4 10 
5 13 
5 12 
6 12 
5 9 
5 11 
5 11 
5 13 
5 10 
5 10 
5 13 
5 10 
2P System SS System 
13 12 
18 26 
16 — 
17 17 
18 21 
16 21 
19 15 
15 15 
13 15 
12 24 
15 15 
12 16 
14 24 
16 11 
16 15 
17 14 
18 14 
15 15 
14 14 
14 24 
16 12 
14 11 
12 11 
15 33 
14 11 
14 18 
13 13 
13 13 
21 16 
14 17 
14 14 
15 15 
14 15 
14 10 
18 10 
17 16 
18 15 
13 13 
15 13 
16 14 
19 16 
15 16 
15 15 
18 15 
15 15 
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